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1.1 THE ROLE OF SOM IN CROPLANDS AND GLOBAL CHANGE 
 
Soil organic matter (SOM) constitutes a basic component of any terrestrial 
ecosystem, SOM being structurally and functionally integrated into fundamental 
ecosystem processes (Christensen, 1996). It is therefore not surprising that often 
the one soil factor controlling productivity of cultivated soils is the quantity and 
distribution of SOM in the soil profile. SOM, by definition, consists of partially 
decayed plant residues that are no longer recognizable as plant material, 
microorganisms, and humus components. These humus components consist of 
dark-colored organic materials that contain approximately 50-55% C, 4.5% N 
and 0.5% S with varying amounts of P and metals (Paul & Clark, 1996). SOM is 
by far the largest reservoir for nutrients and furthermore functions as a retention 
site for other nutrients, such as K, Ca, Mg. Soil organic carbon (SOC) 
transformation processes also directly or indirectly determine the fate of most 
other nutrients. The maintenance of a high OM status in the topsoil is desirable 
for sustainable long-term land use because of the multiple beneficial effects of 
SOM on soil structure (von Lützow et al., 2002) and as a consequence on water 
holding capacity, aeration and permeability. The intimate association of OM and 
minerals in organic-mineral particles is one of the fundamental features that 
distinguishes soils from their geological parent materials (Schulten & Leinweber, 
2000). 
 
Soils contain the largest near-surface reservoir of terrestrial C, compared to the 
atmosphere (750 Pg C) and terrestrial vegetation (600 Pg) (Post et al., 1990), and 
so knowledge of the factors controlling soil carbon storage and turnover is 
essential for understanding the changing global carbon cycle. Although 
individual estimates vary, there is a general agreement that 1550 Pg C is 
contained in SOM in the soil surface (Batjes, 1996) and the Intergovernmental 
Panel on Climatic Change (IPCC) reports a total of 128 Pg C till a depth of 1m 
in cropland soils (IPCC, 2001). Even small changes in such a large pool of C can 




atmosphere and as a consequence on the global climate system. The study of 
SOM is therefore no longer a matter of purely agricultural interest, and many soil 
scientists now suggest that the sequestration of atmospheric carbon dioxide 
(CO2) should be added to the list of benefits of sustainable SOM management. 
Carbon sequestration refers to the removal of CO2 from the atmosphere into a 
long lived stable form.  
 
CO2 is released mainly from combustion of fossil fuels, and CO2 concentrations 
have increased from 270 parts per million in the mid-1800s to 370 parts per 
million in 2004. This increase has resulted in a gradual increase in the earth’s 
temperature of +0.6 °C in the 20th century (IPCC, 2001). The potential 
consequences of climate change are not fully understood, but several adverse 
effects are likely. Some are predicted to be gradual, while others might be 
sudden if, for example, ocean currents become redirected. It is expected that the 
continued addition of greenhouse gases to the atmosphere will raise the earth’s 
average temperature by several degrees in the next century, especially in the 
more northerly latitudes (IPCC, 2001). Obviously, the relations between SOC 
and climate, site variables and land use are important to formulating C cycling 
process models and to evaluate the influence of future land use, land 
management and climate change on SOC. 
 
It is well documented that SOC levels decline when land is converted from 
grassland or forest ecosystems to cropland (Guo & Gifford, 2002). This decline 
is most rapid in the first few years following conversion and then continues at 
slower rates until a new steady state is reached. After 50 to 100 years SOC levels 
are often 50 to 60% lower than the initial levels (Cole et al., 1993). Most existing 
agricultural lands in Europe have been in production for sufficiently long periods 
that they are approximately in a steady state. During this time, conventional 
agriculture has caused large losses of SOM from cultivated land worldwide. This 




to global warming by further increasing the atmospheric concentration of CO2 
(Lal & Kimble, 1997). More specifically, these losses are believed to account for 
about one-third to even one half of the atmospheric CO2 that has accumulated 
since pre-industrial times (Post et al., 1990). With the ratification of the Kyoto 
Protocol, the European Union has committed itself to a reduction of 8% of 
greenhouse gas emissions compared to baseline (1990) levels during a first 
commitment period (2008-2012). Article 3.4 of the Kyoto Protocol allows CO2 
emissions to be offset by demonstrable human-induced activities that lead to 
SOC sequestration. The global estimates of historic OC losses from cultivated 
soils (40-60 Pg) also provide a reference level for the C sequestration potential: 
as SOC levels are unlikely to exceed their native condition, the levels of native 
soils can be viewed as a practical upper limit to C storage potential. Another 
factor which limits the capability for C sequestration in soils is that SOC 
sequestration is finite since it is limited in time since after 50-100 years a new 
and higher SOC level is reached (Paustian et al., 1997a). From a social point of 
view, at present time, developed countries in temperate regions have the greatest 
capabilities for implementation of SOC sequestration. According to Cole et al. 
(1993) the potential for C sequestration in arable land in temperate zones over 
such a time period is therefore less than or equal to 0.07-0.14 Pg C y-1, which is 
less than 5% of the world’s current yearly C emission from fossil fuel 
combustion. This puts SOC sequestration in arable land to a perspective and 
directly demonstrates its modest potential for mitigation of the greenhouse effect. 
The extreme vulnerability of SOM to land-use and land management change, 







1.2 IMPACT OF MANAGEMENT ON SOIL ORGANIC MATTER AND 
INTERACTIONS BETWEEN SOIL ORGANIC MATTER AND OTHER 
SOIL PROPERTIES 
 
The prevailing theory on variation of organic carbon (OC) levels in the top layer 
of soils is that there exists an equilibrium between the annual input of crop 
residues and other organic matter on the one side and the annual rates of 
decomposition on the other side (Springob & Kirchmann, 2002). This theory of 
steady-state is well supported by long-term experiments showing that a relative 
constancy of environmental and agricultural conditions over decades leads to 
relatively constant levels of OM in the Ap horizons (e.g. Körschens et al., 1998). 
Within certain climatic conditions and a given soil type, the factors controlling 
SOM concentrations are determined largely by land use and management. The 
SOM content of agricultural soils can therefore be increased through the 
adoption of alternative management systems that increase the amount of organic 
inputs and/or slow down SOM turnover (Pulleman et al., 2005). Long-term agro 
ecosystem studies have provided a means to investigate the effect of 
management practices on C sequestration in soils.  
 
Considering that SOC change is the result of the net difference between C added 
to soil and the C mineralization from SOM (Fig. 1.1), there are three potential 
ways to increase C storage: (i) by increasing C inputs, (ii) by decreasing 
decomposition rates, and (iii) by reducing the amount of CO2 produced per unit 





Figure 1.1 Control points at which management can influence SOC storage 
(Paustian et al., 1995) 
 
Soil biota mediate these decomposition, humification and mineralization 
reactions of OC.  
i) In croplands, C inputs are influenced by nearly all facets of management, 
including crop rotation, duration of the fallow period, fertilization, residue 
management and application of organic manures and other organic fertilizers. 
Experiments on the effect of varying C inputs have found close relationships 
between C addition rates and levels of soil C. This relationship varies depending 
on climatic and soil factors affecting decomposition and humification (Paustian 
et al. 1995).  
ii) Decomposition rates of SOC are controlled by a variety of factors including 
residue composition and soil disturbance, both of which are strongly affected by 
management (Paustian et al., 1995). Over a time period of decades, SOM stocks 
will respond measurably to changes in residue management (e.g. Li et al., 1994; 
Buyanovsky & Wagner, 1998). Apart from the applied amount of OC input, 
selection of crops and OM amendments also affect decomposition as they vary 




composition. Predictors for plant residue decomposition include properties such 
as contents of nitrogen, cellulose, hemicellulose, lignin and tannins (e.g. Martin 
& Haider, 1986). Litter (bio)chemistry parameters such as cellulose-lignin-N 
relationships are particularly good predictors for litter degradation rates (Kögel-
Knabner, 2002).  
Tillage can promote soil carbon loss by several mechanisms: it disrupts soil 
aggregates which may result in increased susceptibility to decomposition of 
physically protected OM inside these aggregates; it may stimulate microbial 
activity through enhanced aeration; and it mixes fresh residues in the soil, where 
conditions for decomposition are often more favourable than on the surface 
(Bruce et al., 1999).  
iii) The main products of aerobic decomposition are CO2, microbial biomass 
and metabolic products. Conceptually, one way to increase SOC storage is to 
decrease the relative proportion of C mineralized directly to CO2 and increase 
the formation of more stable OC forms in SOM. For instance it has been 
suggested that the humification yield (i.e. the biomass and metabolite production 
per unit CO2 respired) is higher for fungi than for bacteria. As no-till 
management is thought to favour fungal activity compared to bacterial activity, 
this practice could lead to increased C stabilization. However, at present in-depth 
understanding of how decomposer communities respond to management is still 
lacking. The chemical composition of plant residues added to the soil are a major 
factor controlling the humification processes in the soil (Oades, 1988). It is also 
widely accepted that lignin compounds are major constituents of recalcitrant 
humic substances in soils, and as such the formation of stabile organic matter 
should be enhanced where these humic precursors are in abundant supply 
(Paustian et al., 1995).   
 
Management options available to sequester carbon in European cropland 
considered in Smith et al. (2000b) and expanded in Freibauer et al. (2004), 




organic amendments (animal manure, sewage sludge, cereal straw, compost), 
irrigation, bioenergy crops, extensification, organic farming, and conversion of 
arable land to grassland or woodland. Table 1.1 lists a literature review of the 
estimated ranges of the potential of some of these management options 
specifically for cropland production in intensified agricultural regions such as in 
Western Europe. Freibauer et al. (2004) estimated that agricultural soils in EU-
15 could realistically sequester up to 16–19 Mt C y-1 during the first Kyoto 
commitment period (2008–2012) which is less than one fifth of the theoretical 
potential and equivalent to 2% of the European anthropogenic emissions. 
Furthermore, SOC sequestered in arable soils is non-permanent: by changing 
agricultural management or land-use, soil carbon is lost more rapidly than it 
accumulates (Smith, 2004). Lastly, for soil carbon sequestration to occur, the 
land-use or land-management change must also be permanent. 
 
Table 1.1 SOC stock accumulation rates of agricultural management options in 
temperate cropland soils compiled from European literature 
Management option SOC accumulation rate (t OC ha-1 y-1) Reference 





Arrouays et al. (2002) 
Vleeshouwers & Verhagen (2002) 
Smith et al. (1997) 
Farmyard manure 
application 
(0.019 t OC t-1)b 
(0.040 t OC t-1)c
Smith et al. (1997)
Vleeshouwers & Verhagen (2002) 




Kätterer & Andrén (1999) 
Freibauer et al. (2004) 
Reduced tillage  0.2 0.31e
Arrouays et al. (2002) 
Smith et al. (1998) 
Organic Farming  0-0.5b Smith et al. (1997) 
a straw incorporation 2-10 t ha-1 
b recalculated from relative accumulation rates by Smith et al. (1997) for Belgian soils in Dendoncker 
et al. (2004) 
c recalculated into SOC storage t-1 manure from Vleeshouwers & Verhagen (2002) 
d grass-ley covers 50% of the crop rotation 
e the relative SOC accumulation rate of 0.73% y-1 by Smith et al. (1998) was recalculated to absolute 





1.3 COMPOSITION AND FRACTIONATION OF SOIL ORGANIC 
MATTER 
 
Direct measurement of short-term SOM losses or gains resulting from variations 
in external factors is not possible because these SOM stock changes are 
generally very small compared to the large amount of OM present in soils (von 
Lützlow et al., 2002). Therefore, approaches based on the characterization of 
active SOM compartments, with turnover rates that are rapid compared to bulk 
SOM turnover rates, have been suggested as a useful and more sensitive measure 
of SOM change (Sparling, 1992). There is a general consensus that identification 
of diagnostic SOM fractions and the mechanisms controlling their formation and 
turnover is critical for better understanding of C dynamics in soils (Denef et al., 
2004). Since SOM includes a multitude of different organic components ranging 
from plant residues and microbial biomass to highly stable humus, not all SOM 
participates equally in SOM transformation processes. Due to the chemical and 
physical stabilization of a large part of the SOM, only the remaining more labile 
fraction is likely to respond to management influences at the time scale of years 
to several decades. Many authors have stressed this point (Körschens et al., 
1998; von Lützow et al., 2002; Carter et al., 2003) and the size of such a 
“decomposable” OM pool has been estimated to account for 10-40% of the 
whole soil OM. During the process of degradation, partly decomposed plant 
material forms a pool of potentially decomposable SOM. This active SOM 
fraction, assumed to be part of a pool with turnover times of several years, has 
been identified as the light fractions obtained by various density fractionations. 
Also the active fraction was found to be free particulate organic matter (POM) 
(Cambardella & Elliott, 1992; Carter et al., 1998). The isolation of these free 
POM and light OM fractions depend strongly on the fractionation methodology. 
According to a conceptual model proposed by Six et al. (2002b) both OM 
fractions that are not associated to the soil mineral fraction, can be considered 





In contrast to this labile unprotected fraction of the SOM, three main 
mechanisms of SOM stabilization have been proposed: (1) physical protection, 
(2) stabilization by organo-mineral bonding and (3) biochemical stabilization 
(Stevenson, 1994; Christensen, 1996; Six et al., 2002b). Basically these three 
mechanisms involve the accessibility of OM to microbes and enzymes, 
interactions between the organic and mineral compounds and chemical 
resistance of organic molecules against microbial attack, respectively: 
 
(1) Several studies have elucidated the relationship between aggregate 
dynamics and associated SOM dynamics (Elliott 1986; Golchin, 1994; Jastrow, 
1996; Six et al., 1998, 2000). The current hypothesis of the aggregate hierarchy 
concept (Tisdall & Oades, 1982) is that free primary particles are bound together 
into microaggregates (50-250 µm) by persistent binding agents (e.g. humified 
OM). These stable microaggregates are bound together into macroaggregates 
(>250 µm) by temporary (i.e. fungal hyphae and roots) and transient (i.e. 
microbial- and plant-derived polysaccharides) binding agents, and in turn, new 
microaggregates are predominantly formed within macroaggregates. Aggregates 
physically protect SOM by forming physical barriers between microbes and 
enzymes and their substrates and thereby control food web interactions and 
consequently microbial turnover (Elliott & Coleman, 1988). This physical 
protection by aggregates is further indicated by the positive influence of 
aggregation on the accumulation of SOM (Six et al., 2002b). Microaggregates 
have a higher stability than macroaggregates and particularly POM inside these 
microaggregates constitutes an OM pool with intermediate turnover rate.  
 
(2) Under identical annual OM input, a slower SOM turnover, a larger 
microbial biomass and more organic matter are expected in soils with a high clay 
content compared to soils with lower clay content within the same climatic area 
(Müller & Höper, 2004). The mineral fraction has a profound effect on the 




surfaces. Hassink (1997) for example, established relationships between the silt 
and clay associated OM and the soil texture. Several aspects of organic mineral 
particles, such as types of layer silicates, intercalation of OM and contents of 
pedogenic oxides, are however decisive for organic-mineral bonds (Schulten & 
Leinweber, 2000). Particularly smectites and oxides have been shown to have 
greater adsorptive potential. Therefore the specific surface area (SSA) has been 
suggested to be a better predictor for the adsorptive capacity of the soil mineral 
fraction. A number of studies have indeed established positive relationships 
between the SSA and SOC contents, and the mean residence time of SOC has 
also been shown to increase with SSA (Wiseman & Püttmann, 2005). As a 
range, the proportions of mineral bound OM as derived from density 
fractionations varies between 60 and 100% (Schulten & Leinweber, 2000).   
 
(3) Humified OM, i.e. humic acids and humin in particular, represents the 
most persistent pool of SOM with mean residence times of several hundreds of 
years (Piccolo, 1996). With humification, plant residues are transformed via 
chemical, biological and physical processes into more stable forms (humus). 
Therefore, humification and degradation processes result in the loss of 
structurally identifiable materials (Chefetz et al., 2002). During humification the 
amount of aromatic and alkyl C increases whereas the level of O-alkyl C 
decreases. A commonly suggested hypothesis is that the O-alkyl C (i.e., 
carbohydrates) are utilized by the microbial population in the soil, resulting in a 
relative increase of the more refractory components of the SOM (i.e. aromatic 
and alkyl structures). Proteins are also readily degraded in soils, whereas the 
polyphenols decompose more slowly (Schulten et al., 1996).  
 
In a large study involving several well established long-term field experiments in 
Europe, Kiem et al. (2000) investigated differences in SOM composition 
between SOC depleted control plots and plots which received fertilization and 




amount of all C species was diminished in the depleted plots compared to the 
fertilized ones. However, the extent of the decrease of these various species was 
different and was shown to follow the order O/N-alkyl C > alkyl C > carboxyl C 
> aromatic C. In conclusion this example shows the effect of management on the 




Figure 2.2 Gradients in organic matter input, organic carbon levels and SOM 
composition in long-term agroecosystem experiments (Kiem et al., 2000) 
 
Soil organic matter can be fractionated by chemical and physical methods. 
Chemical disciplines have historically had the most apparent impact on the 
methodology applied in soil organic matter research, and much experimental and 
theoretical effort has been put into studies on the chemical structure of soil 
organic matter (Christensen, 1992). Experimental work over the last two decades 
demonstrates that physical soil fractionation methods are able to define and 
delineate SOM pools that integrate structural and functional properties of SOM. 
This approach relates much more directly to SOM dynamics in situ than the 
SOM fractions obtained by the more classical wet chemical analysis. Physical 
fractionation of soil emphasizes the role of soil minerals and soil structure in 




combinations of ultrasonic, mechanical and chemical dispersion with size 
separation using wet or dry sieving and density separation using heavy liquids. 
Fractions that are often separated and measured include silt and clay sized OM 
fractions, free particulate organic matter (POM) fractions isolated by such 
combinations of dispersion and density fractionations, and POM occluded in 
aggregates of differing sizes (Table 1.2).  
 
Table 1.2 Estimated ranges in the amounts and turnover times of various types of 
organic matter stored in agricultural soils (according to: Jastrow & Miller, 1997; 
Christensen, 1996) 
Organic Matter fraction Proportion of whole soil OM (%) Turnover time (y) 
Litter - 1-3 
Unprotected OM    
Microbial biomass 2-5 0.1-0.4 
Free POM 18-40 5-20 
Light Fraction 10-30 1-15 
Inter-microaggregate OMa 20-35 5-50 
Intra- microaggregate POM 5-40b 20-50b
Silt and clay sized OM 50-90 1000-3000 
a inter micro-aggregate OM comprises free POM, microbial biomass and light 
fraction OM inside macroaggregates but not occluded in microaggregates 
b own estimate based on various sources 
 
 
1.4 MODELING OF SOIL ORGANIC CARBON STOCK CHANGES 
 
Soil C levels are controlled by a variety of climatic and biogeophysical factors, 
but in addition they are highly influenced by management practices. Thus both 
environmental and human factors must be incorporated in methodologies for 
predicting SOC stock changes (Paustian et al., 1997b). The complexity of the 
whole of interactions of these factors amongst each other and with SOM 
dynamics, require a model-wise approach for prediction of SOC changes. 
Several efforts have been made to integrate this information in long-term SOM 
models, and the last three decades there has been a mushrooming of models 
depicting the C and N transformation processes in the soil. The most widely used 




CENTURY (Parton et al., 1988). The major stimulant for the development and 
improvement of these models is the current necessity for accurate estimates of 
changes in SOC with land use practices under site-specific conditions in view of 
the current demand for reliable estimates of SOC sequestration potential.  
 
There is a general consensus that the heterogeneity of SOM needs to be 
represented in these models, either by its subdivision over discrete pools (e.g. the 
DNDC model) or by its expression as a continuum of varying decomposability 
(Ångren & Bosatta, 1998). A continuous structure has merit in that it more 
closely represents the continuum of decomposability of SOM, but a pool 
structure can offer advantages in case of practical use (Smith et al., 2002). 
Recognizing that mathematically formulated SOM simulation models are 
inevitably simplified representations of reality, compartment models are mainly 
adopted because of their simplicity and requirements for input data (Christensen, 
1996). Also, some experimental evidence tends to support the existence of 
separate SOM pools, which does not support the concept of a continuum of 
stability of SOM (e.g. Jenkinson et al., 1987). Amongst others, this study has 
identified the retention time of relatively young fractions ranging from a few 
years to 40 years, whereas the older fractions are shown to be from over 500 to 
thousands of years in age. This gives support to the idea of a bimodal distribution 
of SOM components based on their stability (Cheng & Molina, 1995).     
 
SOM models have to be refined to be able to accurately answer important 
societal questions concerning global change; this refinement requires better 
estimates of SOM fractions and their dynamics. Within SOM models just a few 
pools can actually be measured as they have distinct physical counterparts, for 
example the microbial biomass. Due to the lack of experimental methods to 
verify the partitioning of SOM over pools, pool sizes have to be determined 
indirectly by model calibration. A separated SOM fraction can only be 




(Smith et al., 2002). In this context uniqueness refers to the dynamics of a SOM 
fraction. The inputs, outputs, the decomposition rate or the order of the 
decomposition reaction of a pool should be unique. Non composite refers to 
whether or not a model pool actually is a composite of unique subpools. In 
reality, currently all model OM pools and fractions are not unique or non-
composite as a consequence of the very strong heterogeneity of SOM (Smith et 
al., 2002).  
A closer linkage between such theoretical and measurable pools of SOM can be 
made by explicitly defining model pools to coincide with measurable quantities 
or by devising more functional laboratory fractionation procedures or both (Six 
et al., 2002b). Experimental evidence suggests that differences in between free- 
and intra-aggregate SOM and SOM in silt and clay sized organomineral 
complexes are sufficiently distinct to justify regarding these fractions as 
operationally and experimentally verifiable SOM pools (Christensen, 1996). A 
first attempt towards such a revised SOM model which incorporates all of the 
mechanisms of OM stabilization which were discussed above, and which has 
fully measurable pools, was proposed by Six et al. (2002b), but this model is at 
present still in a conceptual form.  
 
1.5 THE NATURE OF AGRICULTURE IN FLANDERS AS RELATED 
TO SOM MANAGEMENT 
 
As this thesis relates mainly to SOC dynamics in cropland soils in Flanders, it is 
important to give an overview of the nature of agricultural production in 
Flanders as related to SOC management. Flemish agriculture can be 
characterized by intensive livestock production, with a predominance of pig and 
poultry production. The agricultural and horticultural holdings in Flanders have a 
mean area of 15 ha, which is small. Large animal manure applications on both 
arable land and grassland are a direct consequence of the high ratio of livestock 
numbers to surface. In 1994, 251 kg N ha-1 was produced from animal manure 




applications, 74 kg N ha-1 from mineral fertilizers was applied on average (De 
Walle & Sevenster, 1998). To counter the negative effects on the environment, 
the “Manure Action Plan” (MAP) was established in several steps during the 
1990-ies. The MAP put restrictions on the application of animal and mineral 
fertilizers on agricultural lands and simultaneously halted the ongoing expansion 
of the livestock production sector. About 2390000 t pig slurry and 356000 t 
poultry slurry had to be processed in Flanders or exported in 2003 (VLM, 2003), 
which clearly demonstrates that there is still an overproduction as a consequence 
of the establishment of the Manure Action Plan in the beginning of the 1990-ies. 
According to the Flemish Land Agency (VLM, 2003) on average 212 kg N ha-1 
y-1 from animal manure was applied on agricultural land in 2002, which shows 
that fertilizer use is also only slowly diminishing. 
 
The main arable crops are maize, winter cereals, potatoes, temporary pasture, 
sugar beet and field grown vegetables (Table 1.3). There exists a certain spatial 
distribution over the whole of Flanders: cattle production is concentrated in the 
heavy textured soils in the North-Eastern Polder area and the North-East (the 
Northern Campines). There is a concentration of pig production in the North of 
West-Flanders. Dense production of field-grown vegetables is concentrated in 
the centre of the province of West-Flanders and on sandy soils in the South of 
the Province of Antwerp. The silt region which covers the whole Southern 
border is characterized by pure arable crop production with winter cereals, 
sugarbeets and potatoes.   
 
The following part shortly gives an overview of the extent to which management 
practices for SOC sequestration are currently being applied and have been 
applied in 1990, the Kyoto Protocol’s baseline year. The list here below is 





a) Incorporation of crop residues: Practically, the effect of different crop 
rotations on the SOM balance can be summarized as the sum of the effects of the 
individual crops, which differs mainly by the amount and composition of their 
harvest residues. Aside from crop selection, the incorporation or removal of 
residues (e.g. beet heads or cereal straw) can have a big influence on the OM 
balance. Table 1.3 gives the 1990 and 2002 surface areas of the main arable 
crops in Flanders (with leek as an example for field grown vegetables), and the 
dry matter (DM) and OC content and humification coefficients of their harvest 
residues. After one year merely 20 to 30% of this OM is not decomposed to CO2, 
therefore it is more sensible to calculate with the effective amount of OC (OCeff), 
which is by definition the fraction (hc) of the incorporated OC which remains in 
the soil after one year under field conditions  
 
Table 1.3 Amount of residues DM, fraction of effective OM (hc) and 1990 and 
2002 surface areas of the main arable crops and leek in Flanders 








 1990 2002 
Potatoe above ground part 2100 40.2 0.22 35682 39983 
Grain maize above ground part 8000b 42.9 0.22 6148 45127 
sillage maize stubble 3400b 42.9 0.22 87650 115240 
Sugar beet heads + leaves 7000 37.6 0.21 38794 36329 
Winter Wheat stubble 1000 43.7 0.31 71490 65141 
 chaff + straw 4700 42.1 0.31   
Winterbarley - - - - 30958 2344 
Leek residues 1700 - 0.23 - - 
a source: Anonymous (2002)  
b own calculations 
c source: Consulentschap voor bodemaangelegenheden in de landbouw (1980)   
d source: NIS (1990); NIS (2002)  
 
 
From Table 1.3 it can be concluded that the large decrease in the cropping 
surface of cereal crops and to a lesser extent of sugar beets was compensated by 




of potatoes. It’s possible to estimate changes in OCeff input and SOC storage 
resulting from these area changes, but in the context of the Kyoto Protocol, 
however, it is difficult to predict future cropping area changes. It’s not possible 
to precisely estimate the fraction of residues which was incorporated (in 1990) 
and is at present still incorporated. Aside from these area changes, a management 
practice “incorporation of cereal straw” (assuming all straw is currently removed 
from the field) can be formulated.  
b) Green manuring: The main green manure crops which are used in Flanders 
are yellow mustard, Italian ray grass and winter raddish, and they provide a 
mean OC input of 2060 kg OC ha-1 y-1 (Sleutel et al., 2003b). The total area of 
crops after which a green manure could be sown (cereals, early potatoes and 
legumes) currently amounts to some 93000 ha (Sleutel et al., 2003b). In reality, 
only 34342 ha is subsidized by the Flemish Government, which indicates that 
only a third of this management potential is being used. No 1990 surface data are 
available, however, which is needed to calculate the surplus (post-1990) usage in 
the frame of the Kyoto Protocol. 
c) Temporary pastures (ley farming): In temporary pastures OM accumulates 
because of the large inputs of roots and stubble from grass and the (temporary) 
absence of soil tillage. The surface of temporary pasture increased from 38080 
ha in 1990 to 61899 ha in 2000 (NIS, 1990; NIS, 2000). However, the strong 
increase in surface area seems doubtful (VOLT, 2003), and should probably be 
treated with great caution. 
d) OM application: Carbon sequestration from slurry amendment is 
impossible as amounts applied can only decrease in comparison to the pre 1990 
situation. Based on livestock distribution figures (VLM, 2003) and animal 
excretion and manure C:N values, Sleutel et al. (2003b) estimated that about 240 
kton OC y-1 less in animal manure was applied to cropland in 2002 compared to 
1990.  
About 268000 t green-waste compost and GFV-compost (garden-, fruit- and 




All potential OC storage from application of compost would be additional to 
1990 since virtually no compost was used in agriculture at that time. In reality 
merely 6% of all produced compost is applied on cropland, which shows that 
there is still a lot of room for expansion for this management option. 
e) Organic farming: Conversion from conventional to organic farming can 
induce an augmentation of SOC levels due to large differences in management: 
all N fertilization is applied as organic matter and crop rotations often contain 
crops such as grass/clover mixtures and luzerne. There was a substantial increase 
in the organically farmed cropland and grassland during the last decade of 296 
ha in 1991 to 3470 ha in 2001 (Bioforum, 2002), of which by estimate some 678 
ha can be attributed to cropland. Although there has been an exponential 
expansion of organic farming in Flanders, the sector still (2001) merely accounts 
for 0.63% of the total Flemish agricultural surface, which implicates that there is 
still potential for a further expansion. 
 
1.6 OBJECTIVES  
 
This work focuses on SOM in soils of the temperate region, and more 
specifically on Flemish cropland soils. In the highly intensified cropland 
production systems, typical for large parts of Western-Europe, limited attention 
has been paid to SOM dynamics. Agricultural practice and legislation are 
dictated by economic laws, and, only recently, by environmental and health 
issues as well. Strikingly, for virtually no region in the world acceptable 
quantifications exist of the SOM stocks or its evolution with time. In contrast, 
maintenance and improvement of SOM is generally accepted as being the major 
prerequisite for sustainability of any agro-ecosystem. Because of this lack of 
detailed large scale information on SOC stocks and their evolution, little is 
known about the large scale impact of current cropland management practices on 





Therefore, the first objective of this thesis was (1a) the quantification of the SOC 
stock in Flemish cropland soils and (1b) its recent evolution. A second main 
objective (2) was to investigate to what extent the agricultural management plays 
a role in SOM dynamics in these cropland soils. Characterization of the SOM by 
physical fractionation was used as a tool for this purpose. The extreme 
heterogeneity of SOM in terms of its chemical structure and association with soil 
minerals still requires SOM and its dynamics to be represented by drastic 
simplifications in SOM models. Therefore, a physical fractionation procedure 
was tested for its ability to yield quantitative information which could contribute 
to improving current SOM modeling, specifically for cropland management. A 
third objective (3a) was to predict the future SOC stock evolution under the 
current management and to estimate the potential of alternative management 
options to influence this evolution (3b).      
 
The main research questions associated with the above objectives are: 
 
Objectives 1a & 1b: Recent evolution of SOC stocks in cropland soils 
Q1a: What was the SOC stock in Flemish cropland soils in 1990? 
Q1b: Have SOC stocks in Flemish cropland soils changed in recent years? 
 
Objective  2: Role of management on SOC levels in cropland soils 
Q2a: Are shifts in the distribution of SOC within different functional OM 
pools, induced by management, measurable by physical fractionation within 
the time scale of several decades?  
Q2b: To what extent does agricultural management determine SOC levels in 
these cropland soils? 
 
Objectives 3a & 3b: Assessment of future SOC stock changes in cropland 





Q3a: What will be the future evolution of SOC stocks under the current 
management in Flemish cropland soils? 




1.7 THESIS OUTLINE 
 
This work contains, as well as the introductory Chapter 1, six other chapters 
throughout which the research questions are discussed. One obvious prerequisite 
for the analysis of long-term SOC stock trends is that past and current measuring 
methodologies are comparable. Chapter 2 looks into this basic assumption by a 
comparative study of modern and classical OC determination methods. 
Objectives 1a and 1b are firstly addressed in Chapter 3. In this chapter we 
analyze a very large dataset of topsoil SOC measurements for Flanders. In 
response to Q1b, the hypothesis of a general decreasing trend of SOC stocks in 
Flanders was formulated based on this analysis.  
 
As only a part of about 10-40% of the total SOM is expected to be influenced by 
management at the time scale of decades, we reasoned a further identification of 
functional OM pools by means of physical fractionation could corroborate this 
study. The ability of that fractionation procedure to yield measurable differences 
of the SOM distribution over different fractions because of management was 
firstly evaluated. Chapter 4 covers this evaluation which was done on samples 
from two long-term field experiments and thereby addresses Q2a.    
The hypothesis of a general recent loss of SOC in croplands is further 
investigated in Chapter 5, by analysis of a second independent dataset of paired 
SOC measurements for the province of West-Flanders. The second objective of 
determining the relative impact management has on SOC levels of these 




fractionation procedure that was tested in Chapter 4 was used for analysis of a 
number of samples from fields in West-Flanders. 
 
Finally, the last part focuses on the simulation of SOC stocks by means of the 
DNDC C and N biogeochemical model. In Chapter 6 a limited field scale and a 
regional scale calibration and validation of DNDC is described and DNDC’s 
ability to simulate SOC stock changes in Flemish cropland soils is evaluated. 
Following this evaluation, Chapter 7 includes the prediction of future SOC stock 
evolution in Flemish cropland soils under a business as usual scenario and 
thereby looks into Q3a. Model predictions were then also done for a number of 
alternative management scenarios for SOC sequestration. By comparison of the 
SOC stock evolution under the business as usual scenario, the SOC sequestration 
potential of these management options (Q3b) was determined. 
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Chapter    2
QUANTIFICATION OF ORGANIC CARBON IN 
SOILS: COMPARISON OF METHODOLOGIES 











This Chapter has been submitted for publication as: 
 
Sleutel S., De Neve S., Singier B. & Hofman G. (2005) Quantification of organic 
carbon in soils: A comparison of methodologies and assessment of the C content 





Renewed interest in temporal soil organic (SOC) stock changes has stressed the 
importance of reliable methods for quantitative assessment of OC content. 
Particularly with the establishment of modern dry combustion analyzers which 
are replacing the traditional wet-oxidation methods, the need for correct 
relationships between both is of crucial importance for comparison of past and 
current SOC data in long-term SOC stock change studies. Dry combustion with a 
Variomax CNS-analyzer was the standard to evaluate three other methods for 
Belgian agricultural soils. Excellent linear relationships were found with the 
Walkey & Black method and the Springer & Klee method, whereas a Shimadzu 
TOC-analyzer slightly underestimated the OC content. Precision of the 
investigated methods was comparable and tended to be dependent of the sample 
size used for measurement. The OC oxidation efficiency of the most widely 
applied method of Walkey & Black for the soils in this study was very close to 
the generally accepted 75%. Mass loss on ignition at 800°C could be very well 
related to the soil OC content and the clay content. The traditional factor of 
1.724 used to convert OC measurements to organic matter percentages is not 
valid for the investigated soils, which demonstrates that rather regional-specific 

















Accuracy of the analytical method for Organic Carbon (OC) determination is of 
critical importance for the evaluation of short to medium-term changes in Soil 
Organic Carbon (SOC), such as changes resulting from alternative agricultural 
management (Wright & Bailey, 2001). Various methods are available to 
determine the OC content in soil samples. The dichromate oxidation methods 
according to Walkey & Black (1934) and Springer & Klee (1954) have been 
employed for many years to determine the OC content of soil samples. 
Automated techniques based on dry combustion are gradually replacing these 
wet oxidation methods, as they permit easy automation, rapid and simultaneous 
measurements of C, N, S, H and O and avoid the use of potentially harmful 
chemicals.  
 
The Walkey & Black (1934) method is based on oxidation of organic matter 
(OM) by K2Cr2O7 in the presence of H2SO4. The dilution of the H2SO4 provides 
heating for the oxidation reaction (temperature up to approximately 100°C) but 
only part of the OM in the soil sample (on average 75%) will react with the 
K2Cr2O7. This method thus underestimates the OC content whereas the Springer 
& Klee (1954) method includes a controlled heating step and results in a 
complete recovery of the OC content. The efficiency of the Walkey & Black 
(1934) method is a crucial parameter in SOC determinations and should 
therefore best be assessed at a regional scale.  
 
Soil organic matter (SOM) encompasses a wide range of organic compounds, 
and no analytical method allows to directly measure SOM accurately. It may, 
however, be estimated from the more reliable determination of OC using a 
conversion factor of 1.724 based on the assumption that SOM contains 58% 
carbon (Kerven et al., 2000). However, the carbon content of the SOM has been 
shown to vary widely (Broadbent, 1953). The most widely used approach to 




ignition at temperatures varying between 450 and 900°C. However, mass loss 
may also occur by the evaporation of hygroscopic water and interlayer water 
from clays and allophane (Grewal et al., 1991), by dehydroxylation of clay 
mineral lattice (Paterson & Swaffield, 1987), and by CO2 release from the 
breakdown of carbonates. Apart from these weight losses, other minor changes 
may occur at these high temperatures which can lead to weight losses or weight 
increases, such as the oxidation of mineral elements which are bound to the OM, 
i.e. the oxidation of Fe and Mn-containing minerals, the evaporation of nitrates 
and ammonium-compounds, etc. (Van Hove, 1969). In practice, the influence of 
these processes on the total mass loss on ignition is very small and can therefore 
be neglected. 
 
Several studies have been dedicated to the comparison of a traditional wet 
chemical method and a combustion method for OC determination (e.g. Grewal et 
al., 1991; Olayinka et al., 1998; Pérez et al., 2001), however, using limited sets 
of soil samples. This paper compares four methods for OC determination in a 
broad range of Belgian soils. The Walkey & Black (1934) method, the Springer 
& Klee (1954) method, and a combustion method using a TOC-analyzer 
(Shimadzu, Japan) are compared to measurement with a Variomax CNS-
analyzer (Elementar Analysesysteme, Germany) as the reference method. The 
efficiency of the Walkey & Black (1934) method is also assessed for the selected 
range of soils. The OM content obtained by a loss on ignition method (at 800°C) 
is compared to the OC content measured using the Variomax CNS-analyzer to 






Fifty seven soil samples were collected at depths ranging from 0-10 cm to 70-90 




ranged in texture from sand to clay loam (USDA classification), and in 
management from continuous cultivation to permanent grassland. The samples 
were first air dried, crushed and were passed through a 2 mm sieve. The 
sampling depth, the soil texture, CaCO3 content and recent land use of the 57 
samples are given in Table 2.1. Most texture measurements were done by the 
pipette-sedimentation method except for 18 measurements of which the particle 
size distribution of the silt+clay fraction was determined using laser diffraction. 
No textural analysis was done for five soils, four of these samples all originated 
from one single field which had a sandy texture and only very small variations 
were found among other samples from this field (41, 43, 44, 45), this was also 
the case for a fifth sample (35). Therefore, we assumed them to have a sandy soil 
texture with a clay percentage equal to the other soil samples taken at those 
fields.     
 
Table 2.1 Sampling depth, CaCO3 content, USDA textural class and recent 
land use of the collected soil samples 









1 0-30 35 27 38 clay loam cropland 
2 0-30 93 6 2 Sand cropland 
3 70-90 87 2 12 Loamy Sand pasture 
4 40-70 93 0 7 Sand pasture 
5 0-45 86 5 9 Loamy Sand cropland 
6 0-40 11 67 22 Silt Loam cropland 
7 0-30 31 62 7 Silt Loam cropland 
8 40-80 24 38 38 clay loam cropland 
9 0-10 91 4 5 Sand pasture 
10 0-10 88 8 4 Sand pasture 
11 0-10 92 5 3 Sand pasture 
12 0-10 / / / Sand pasture 
13 0-10 / / / Sand pasture 
14 0-30 53 24 24 Loam cropland 
15 0-30 36 49 15 Loam cropland 
16 0-30 43 37 20 Loam cropland 
17 0-30 38 50 12 Silt Loam cropland 
18 0-30 59 18 23 Sandy Clay Loam cropland 
19 0-30 37 49 14 Loam cropland 
20 0-30 40 48 12 Loam cropland 
21 0-30 77 19 5 Loamy Sand cropland 
22 0-30 71 19 9 Sandy Loam cropland 
23 0-30 54 31 15 Sandy Loam cropland 
24 0-30 69 9 22 Sandy Clay Loam cropland 




(Table 2.1 continued) 
26 0-30 31 57 13 Silt Loam cropland 
27 0-30 66 24 10 Sandy Loam cropland 
28 0-30 48 29 22 Loam cropland 
29 0-30 70 20 10 Sandy Loam cropland 
30 0-30 59 21 20 Sandy Clay Loam cropland 
31 0-30 58 22 20 Sandy Clay Loam cropland 
32 0-30 77 12 11 Sandy Loam cropland 
33 0-30 68 19 13 Sandy Loam cropland 
34 0-30 59 26 15 Sandy Loam cropland 
35 0-10 89 8 3 Sand pasture 
36a 10-20 87 9 4 Sand pasture 
37 30-60 / / / Sand pasture 
38 0-10 90 7 3 Sand pasture 
39a 10-20 88 8 4 Sand pasture 
40a 20-30 92 5 2 Sand pasture 
41a 0-10 85 11 4 Sand pasture 
42 10-20 / / / Sand pasture 
43a 30-60 88 8 4 Sand pasture 
44a 0-10 84 12 4 Sand pasture 
45a 10-20 87 9 4 Sand pasture 
46 30-60 / / / Sand pasture 
47a 20-30 86 9 5 Sand pasture 
48a 10-20 88 10 2 Sand pasture 
49a 0-30 19 50 31 silty clay loam cropland 
50 a 0-30 49 41 10 Loam cropland 
51a 0-30 49 25 26 Sandy Clay Loam cropland 
52a 0-30 31 58 12 Silt Loam cropland 
53a 0-30 39 51 11 Loam cropland 
54a 0-30 40 41 19 Loam cropland 
55a 0-30 29 60 12 Silt Loam cropland 
56a 0-30 35 54 11 Silt Loam cropland 
57a 0-30 35 55 11 Silt Loam cropland 




2.2.2 Carbon analysis methods 
 
Dry combustion using the Variomax CNS-analyzer was used as the reference 
method to evaluate the efficiency of the Walkey & Black (1934) method (on all 
57 samples), the Springer & Klee (1954) method (on 36 samples) and OC 
determination using a Shimadzu TOC-analyser with a SSM-5000A solid sample 
module (on 34 samples). All determinations were made in triplicate. Statistical 
analysis of the data was made using linear regression analysis and One Sample t-




The Elementar Variomax CNS-analyzer and the Shimadzu TOC-analyzer, used 
in the present study, both operate on a dry combustion principle, in which the 
sample elements are converted into simple gases (CO2, H2O, N2, SO2). The 
combustion gases are then separated by specific adsorption columns and their 
amount is determined indirectly by a thermal conductivity detector. With the 
TOC-analyzer the OC content is obtained as the difference between a total 
carbon (TC) and an inorganic carbon (IC) measurement. Detailed descriptions of 
the functioning of both the CNS- and the TOC-analyzer can be found in 
Elementar (2000) and Shimadzu (2001), respectively. For the CNS-analyzer, soil 
samples of 800 mg were weighed in metal cups. Three empty sample cups were 
used for blank corrections and two cups filled with 250 mg glutamic acid were 
used as standards to test the recovery of OC. For the TOC-analyzer soil samples 
of 250 mg were weighed in sample boats. Three standard measurements were 
used to establish calibration curves for the measurement of TC (with dextrose 
(C6H12O6)) and of IC (with Na2CO3). 
 
Dichromate oxidizable OC was determined using the Walkey & Black (1934) 
method as follows. 1.00 g of soil sample was weighed into a 500 ml Erlenmeyer 
flask and 10 ml of 0.33M K2Cr2O7 and 20 ml H2SO4 conc. was added. The flasks 
were allowed to stand for 30 min and 150 ml H2O was added. The amount of OC 
is calculated by back-titration of the dichromate (remaining after reaction with 
the SOM) with a 1M FeSO4 solution in the presence of a ferroine indicator. After 
cooling, just before measurement, 10 ml of H3PO4 conc. was added to yield a 
better turning point in the titration.  
 
OC determination using the Springer & Klee (1954) method was carried out 
using the following procedure. In a 200 ml flask 2.0000 g K2Cr2O7 and an 
amount of soil between 1-5 g, depending on the OC content, was weighed on an 
analytical balance and 40 ml of a H2SO4 solution (56.5% H2SO4 conc. + 43.5% 




in the flasks started to boil (which occurs at a temperature of 150-153°C as a 
consequence of the H2SO4 to H2O ratio of the solution). The boiling was 
maintained for another 10 min on the heating plate. After cooling down, the 
volume was made up to 200 ml with distilled water, which results again in 
heating due to the dilution of the H2SO4. After cooling down 50 ml of the 
solution was pipetted into a 500 ml erlenmeyer and another 150 ml H2O was 
added. Titration was as in the Walkey & Black (1934) method.  
 
Determination of the mass loss on ignition was done by the following procedure. 
Porcelain crucibles were cleaned by heating them for several hours at 800°C. In 
these crucibles 1.0 g of the soil sample was weighed. The crucibles were left in 
an oven at 105°C for 24 h to remove all free water present in the soil samples. 
After cooling down in a desiccator the weight of the samples + crucibles was 
determined analytically. The crucibles were then placed in a muffle oven at 
800°C for 4h, allowed to cool down in a desiccator and weighed. The difference 
between both measurements gives the mass loss on ignition. 
 
2.2 RESULTS AND DISCUSSION 
 
Fig. 2.1 (a) shows the relationship between the C contents measured with the 
CNS analyzer (CCNS) and the OC content of Walkey & Black (1934) method 
multiplied by 1.33 (75% proposed recovery of OC) plus the CaCO3-C content 
(CW&Bl). Each data point represents the average value from three replicate 
measurements. Linear regression analysis showed an excellent correlation (R2adj 
= 0.99) between the C contents measured by both methods. However, since the 
intercept of the fitted relationship (CW&Bl = 1.034CCNS + 0.016) was not 
significant (P = 0.01) another line was fitted with an intercept = 0 (CW&Bl = 
1.013CCNS). In this second linear regression one data point was omitted (38) 
since it’s OC content was very near to the upper limit of the working range of the 
Walkey & Black (1934) method which lies between 7.5 and 10% OC (De 




of the Walkey & Black (1934) method through the total carbon content 
measured with the CNS-analyzer minus the CaCO3-C content (CCNS-CaCO3-C), the 
actual efficiency of the Walkey & Black (1934) method can be derived, and this 
ratio was 0.7377 on average (standard deviation 0.0796), which is very close to 
the efficiency of 75% proposed by De Leenheer & Van Hove (1958) who based 
this number on OC measurements on 325 Belgian soil samples. A one-sample t-
test showed that the average value of 0.7377 was not significantly different (P = 
0.05) from 0.75. The efficiency of the Walkey & Black (1934) method for 
surface soils has been found to be highly variable, ranging from 44 to 92% for 
individual soils (Mikhailova et al., 2003). In this study, however, no correlation 
could be found between the efficiency and the C content nor with the soil clay 
content. 
 
Linear regression yielded a very good fit (R2adj = 0.98) between the C content 
measured with the CNS-analyzer and the Springer & Klee (1954) method plus 
the CaCO3-C content (CS&Kl) (Fig. 2.1 (b)). Again, the intercept was not 
significant and so a linear regression line going through the origin was fitted 
(CS&Kl = 1.002CCNS). In calculating this regression two data points were not 
included (11 and 1) as their estimated residuals were much larger than three 
times the standard deviation of the residuals, which by a rule of thumb in SPSS 
12.0 delineates them as “outliers”.  
 
A similar result was obtained when fitting a regression line between the C 
content measured with the CNS-analyser and the TOC-analyzer (Fig. 2.1(c)) 
plus the CaCO3-C content (CTOC). After leaving out two outliers (10 and 11 
according to the procedure described above) a regression line going through the 
origin was again calculated (CTOC = 0.943CCNS; R2adj = 0.99). The TOC analyzer 
thus tended to underestimate the measured C content in comparison to the CNS-








Figure 2.1 Linear regression of the C content measured with the Variomax CNS-
analyzer against the (a) Walkey & Black measured OC content + the CaCO3-C 
content, (b) Springer & Klee measured OC content + the CaCO3-C content, (c) 




investigation of the residual statistics pointed out that the prerequisite of 
homoscedaceticity of the residuals was not fulfilled since the value of the 
residuals tended to increase with the C content even after leaving out the outliers. 
Theoretically, the regressions could not be considered as valid unless most of the 
data points which had higher OC contents would also be omitted. However, both 
the results of regression with and without these data points were compared and 
the differences between both were very small. Based on this “ad hoc” procedure, 
which is often applied in statistical analysis, we thought it acceptable to retain all 
measurements, except the outliers, in the regressions.          
 
The precision of the C determination using the different methods considered in 
this study was evaluated by the coefficient of variation (CV). The average CV 
amounted to 4.85% for the CNS-analyzer, 5.66% for the TOC-analyzer, 2.85% 
for the Walkey & Black (1934) method and 4.14% for the Springer & Klee 
(1954) method. The precision for the different methods was comparable and 
tended to increase by the use of smaller sample weights: Walkey & Black (1934) 
(1 g) < Springer & Klee (1954) (1-5 g) < CNS-analyzer (0.8 g) < TOC-analyzer 
(0.25 g). Pérez et al. (2001) summarized coefficients of variation determined by 
several authors in the analysis of OC by the Walkey & Black (1934) method and 
a dry combustion method. The average CV for the Walkey & Black (1934) 
method amounted to 3-8% in these studies except for one study, where the 
average CV amounted to 22.47%. The average CV for dry combustion methods 
amounted to 1.7-6%. Compared to these studies the precision of the Walkey & 
Black (1934) was very good for the soils included in this study and the precision 
of the CNS-analyzer and TOC-analyzer could be considered as normal. 
 
Fig. 2.2 shows the relationship between the CCNS-CaCO3-C and the mass loss on 
ignition at 800°C (LOI800°C). There was a very good correlation (Pearson 
correlation coefficient = 0.987) between both variables which demonstrates that 




temperature of 800°C, however, part of the CaCO3 may be broken down with the 
release of CO2 and a metallic oxide remains. Theoretically, the mass loss by this 
release of CO2 amounts to 44.5% of the present mass of CaCO3. 
 
 
Figure 2.2 Relationship between the total C content measured with the CNS-
analyzer – the CaCO3-C content and the % weight loss on ignition at 800°C. 
 
 
Van Hove (1969) therefore applied a correction factor for the mass loss on 
ignition equal to 0.445 times the CaCO3 percentage. According to Mackenzie 
(1957), on the other hand, the temperature at which CaCO3 breaks down lies 
between 860°C and 1000°C. The samples in this study were heated to 800°C, so 
in fact we expect only a marginally effect of the breakdown of carbonates on the 
measured LOI800°C. Between 105°C and 200-300°C dehydration occurs, i.e. 
adsorbed and interlayer bound water is lost from Fe-, Al- and Si-compounds. 
Kaolinite is dehydroxylated, i.e. loss of OH from the crystal lattice, between 
350-600°C, smectites between 500-1000°C, mica’s between 350-700°C  and 
halloysiet between 250-500°C (Mackenzie, 1957; Paterson & Swaffield, 1987). 
Van Hove (1969) therefore suggested to use a temperature of 800°C to remove 
the water from clay minerals and allophane. At lower temperatures it is 




and allophane has contributed to the measured mass loss as most mass loss due 
to ignition of OM occurs at temperatures lower then 400°C. A multiple linear 
regression analysis was done with the LOI800°C as the dependent variable and the 
CCNS-CaCO3-C, the clay percentage (Clay%) and the CaCO3 percentage as the 
independent variables. The partial regression-coefficient of the CaCO3 content 
and the intercept were not significantly different from zero (P = 0.05) and 
therefore a second regression was calculated without an intercept and the CaCO3 
content (LOI800°C = 1.911CCNS-CaCO3-C + 0.044Clay%; R2adj = 0.99). This 
relationship clearly shows that the impact of the mass loss due to dehydration of 
adsorbed and interlayer water and dehydroxylation of the crystal lattice cannot 
be neglected, as is most often done when converting results from loss on ignition 
analysis’s to OM contents. For example, using this coefficient of 0.044 for a clay 
loam soil with 2% OC and 35% clay, the weight loss from dehydration and 
dehydroxylation of the crystal lattice will amount to 1.5%, which would be a 
very considerable contribution to the total LOI800°C of 5.3%. Still, Van Hove 
(1969) determined an even larger correction factor for the mass loss due to water 
loss equal to 0.076Clay% for Belgian soils. The insignificant effect of the CaCO3 
percentage can be attributed to the fact that most CaCO3 breaks down at 
temperatures above 860°C as discussed above and probably also because only 
few of the soils in this study contained carbonates. The partial regression 
coefficient of CCNS-CaCO3-C of 1.911 fits closely to the conversion factor of 1.976, 
determined by Van Hove (1969) for Belgian soils. However, it does differ 
strongly from the traditionally assumed conversion factor of 1.724. Obviously, 
when OC contents are estimated from loss on ignition, serious errors can be 
made when a general rather than a region specific C conversion factor is used. 
Lastly, the possible presence of charcoal may also have influenced the results of 
the OC determination methods as the recovery of charcoal C differs strongly 
depending on the method. Kerven et al. (2000) found that up to 10% of added 
charcoal was determined by the Walkey & Black (1934) method, up to 85-96% 




100% by a combustion (at 1100°C) analysis. In the Springer & Klee (1954) 
method used here the temperature rises up to 153°C and under these conditions 
possibly all charcoal-carbon may react with the dichromate. The overestimation 
of the SOC content when using the Springer & Klee (1954) or modern 





The present study of OC measurement of Flemish soils showed that: 
(1) Very close relationships can be established between the OC content 
measured with modern dry combustion methods and traditional wet-
oxidation methods, which enables the comparison of old and new OC 
data which is crucial for the measurement of OC stock changes.  
(2) The Walkey & Black (1934) method has a good precision and a 
common conversion factor of 1.33 can be used for converting the 
actually recovered OC to the TOC. The Springer & Klee (1954) method 
also gives reliable results but is much more labor intensive.  
(3) Mass loss on ignition at 800°C is closely related to the soil OC content 
and the clay content. The CaCO3 content has no significant influence on 
the mass loss on ignition at 800°C. Clay content should not be neglected 
in the conversion of loss on ignition results to OM percentages, 
specifically for more heavily textured soils. The traditional factor of 
1.724 used to convert OC measurements to OM percentages is not valid 
for the investigated soils, which demonstrates that rather region-specific 





Chapter    3
SOC STOCKS AND RECENT SOC STOCK 
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Evaluations of soil organic carbon (SOC) stocks are often based on assigning a 
carbon density to each one of a number of ecosystems or soil classes considered, 
using data from soil profiles within these categories. A better approach, in which 
the use of classification methods by which extrapolation of SOC data to larger 
areas is avoided, can only be used if enough data are available at a sufficiently 
small scale. Over 190000 SOC measurements (0-24 cm) have been made in 
Flemish cropland (the Northern part of Belgium) in the 1989-2000 period. These 
SOC data were grouped in three year periods and as means plus standard 
deviation per (part of) community (polygons). This large dataset was used to 
calculate SOC stocks and their evolution with time, without data-extrapolation. 
Using a detailed soil map, larger spatial groups of polygons were created based 
on soil texture and spatial location. Linear regression analysis showed that in the 
entire study area SOC stocks had decreased or at best had remained stable. In 
total a yearly decrease of 360 kton OC y-1 was calculated, which corresponds 
with a net CO2-emission of 1319 kton CO2 y-1. Specific regions with a high 
carbon sequestration potential were identified, based on SOC losses during the 
1989-2000 period and the mean 1999 SOC content, compared to the average 
SOC content of soils in Flanders with similar soil texture. When restoring the 
SOC stocks to their 1990 level, we estimated the carbon sequestration potential 
of Flemish cropland soils to be some 300 kton CO2 y-1 at best, which 
corresponds to a 40 year restoration period. In conclusion, we can say that in 
regions where agricultural production is very intense, carbon sequestration in 
cropland may make only a very modest contribution to a country’s effort to 
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3.1 INTRODUCTION 
 
In its article 3.4, the Kyoto Protocol allows carbon dioxide emissions to be offset 
by demonstrable removal of carbon from the atmosphere by improved 
management of agricultural soils. In order to use this possibility, a good estimate 
of soil organic carbon (SOC) stocks and baseline emissions (in 1990) from 
agricultural soils are crucial factors. Moreover article 3.4 literally states: “Each 
Party included in Annex I shall provide, for consideration by the Subsidiary 
Body for Scientific and Technological Advice, data to establish its level of 
carbon stocks in 1990 and to enable an estimate to be made of its changes in 
carbon stocks in subsequent years”. Many countries are currently trying to 
estimate the carbon sequestration potential of their agricultural sector, but are 
facing a serious shortage of historic as well as current SOC data. For Belgium, 
however, to date no concrete estimates have so far been made. 
 
Evaluations of SOC stocks on a global scale are often based on assigning a 
carbon density to each one of a number of ecosystems or soil classes considered 
using data from soil profiles within these categories (Rodríguez-Murillo, 2001). 
Kern (1994) found that this so called ecosystem approach is convenient at a 
global scale, but not so at more detailed scales; in that case a soil classification is 
preferred. For example, Howard et al. (1995), Arrouays et al. (2001) and 
Rodríguez-Murillo (2001) estimated carbon stocks for a number of soil type and 
land use combinations, and then extrapolated these data to a national level, based 
on soil and land use maps. The relative scarcity of SOC data hence always leads 
to the need of extrapolation when regional or national SOC surveys are to be 
made, which leads to increased uncertainties on the estimated stocks.  Estimation 
of SOC stocks without the need to extrapolate and classify soils would lead to 
more precise estimates of those stocks. However, this is possible only when SOC 
data is available for the whole study area and at the same scale for which other 




cm) measurements have been made on Flemish cropland in the period 1989-
2000 by the Belgian Pedological Service (Vanongeval et al., 2000). With this 
very large amount of data which is spread over the entire Flemish cropland area 
at our disposal, we decided that this last approach was eligible in our case, and 
would lead to less error sources which are inherent to the use of a classification 
method in which profile data are spatially extrapolated.  
 
We used this unique large dataset to estimate SOC stocks for the Kyoto baseline 
year 1990 and to estimate changes in the SOC stock to a depth of 1m during the 
1990-1999 period for the Northern part of Belgium (Flanders). We also tried to 
identify which regions had a larger C-sequestration potential than others, and 
where future carbon sequestration efforts should be concentrated. 
 
3.2 MATERIALS AND METHODS 
 
3.2.1 Organic Carbon data 
 
Our study area covered entire Flanders (the Northern part of Belgium), 
containing about half of the total cropland area of Belgium. Within Flanders, 7 
agro-pedological regions are defined based mainly on soil texture, namely the 
Dunes, the Polders, the Sandy region, the Sandy Loam Region, the Silt Region, 
the Campines and the Pasture area of Liege. Over 190000 SOC measurements 
were made in Flemish cropland in the period 1989-2000 to a depth of 24 cm. 
Determinations of OC were made with a modified Walkey & Black (1934) 
procedure which involves a heating step and were recalculated taking into 
account an average C recovery of 75% (Chapter 2). We generated a map by 
overlaying these agro-pedological regions with the administrative map of 
Flemish communities, thereby splitting them into different polygons. The SOC 
content data were available as means and standard deviation per polygon. The 
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data were grouped in 3 year periods and in each period the middle year was 
taken as the representative date and used in further calculations (Table 3.1).  
 
Table 3.1 Overview of the number of carbon measurements collected by the 
Belgian Pedological Service within each time period  
Number of measurements 
Period Representative year Cropland Pasture 
1989-1991 1990 50 340 17 453 
1992-1994 1993 44 134 13 409 
1995-1997 1996 48 982 13 201 
1998-2000 1999 48 516 11 502 
 
 
The distributions for 1990 and 1999 of the mean SOC content in all polygons 
were positively skewed (Fig. 3.1). After a logarithmic transformation of both 
datasets (1990 and 1999) both skewness and (kurtosis - 3) approached zero 
(Table 3.2).  
 

































Figure 3.1 Distribution of the mean SOC-content per polygon for the years 









Table 3.2 Descriptive statistics of the measured mean SOC-contents of all 
polygons for 1990 and 1999 
Original data  Ln transformed data 
1990 1999 difference  1990 1999  
(%OC) (%OC) (%OC)  (ln(%OC)) (ln(%OC)) 
Mean 1.495 1.334 0.161  0.488 0.404  
Variance 0.250 0.188 0.075  0.055 0.053  
Skewness 1.060 0.829 1.052  0.234 0.285  
Kurtosis -3 3.587 1.465 9.962  0.141 -0.266  
 
 
3.2.2 Regression of the SOC-data against time 
 
The coefficient of variation (CV) of the SOC content within each polygon had a 
mean value of 32%. In previous SOC survey studies very large CV’s were 
obtained, e.g. within the biomes of the study of Jobbágy & Jackson (2000), the 
average CV of SOC content was 64%. These results were in close agreement 
with a CV of 79% when grouping profiles in soil taxonomic units in previous 
SOC budgets by Batjes (1996). Compared to the above cited results the CV 
found here seems small. However, the polygons used here are much smaller than 
in the other studies cited above and hence the CV should still be considered as 
relatively large. We wanted to use linear regression to calculate the changes in 
SOC stocks between 1990 and 1999. However, since only the mean SOC 
contents per polygon were available to us, a simple regression model could not 
be used because it would not take this large standard deviation into account. 
Therefore, a weighted least squares difference regression (WLS regression) 
(Neter et al., 1996) was more appropriate for our data. In WLS regression, the 
“weight” used for each data point is defined as the inverse of the variance of the 
dependent (here the measured SOC content). The variance of the dependent is 
composed of two terms: the sum of the variance of the residuals and the variance 
of the mean SOC content per polygon itself. The latter is known but the variance 
of the residuals has to be estimated. The following procedure was used. First 
ordinary linear regression was used to fit the regular regression model. The 
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unknown variance component can be estimated by fitting the square of the 
obtained residuals themselves against time, a process known as residualisation of 
a variable. The fitted values of this second regression are an estimate of the 
unknown variance. The inverse sum of the variance of the mean SOC content 
and the estimated variances of the residuals was then used as the weight in the 
WLS-regression for each polygon using SPSS 11.0.  
 
 
3.2.3 Grouping of the polygons 
 
For only 18% of all polygons the WLS-regression was significant due to the low 
amount of data points (four points per polygon, one for each date). Therefore, in 
order to increase the number of data points in each regression, the communities 
were grouped based on their dominant soil textural class and their spatial 
location. 
 
A raster version (100m x 100m squares) of the digital soil map of Flanders (Soil 
map 2001 distributed by OC-GIS Flanders) was created in Arc View 3.1. This 
digital soil map is based on the Belgian National Soil Survey which was 
conducted between 1947 and 1962. It gives the soils texture, drainage class and 
profile formation (according to the Belgian Soil classification) on a 1:20000 
scale. In the raster version used here only the soil texture was included. The 
Belgian soil classification system distinguishes 8 different textural symbols. The 
correspondence between each one of these classes and the USDA classification 
is shown in Appendix 1. Using this map the predominant soil texture in each 
polygon was assigned to that polygon in Arc View 3.1 and a map with 
continuous areas of clustered polygons having the same textural symbol was 
created. Grouping the polygons based on soil texture only, however, would 
create too large and too diverse areas to be practical and therefore the grouping 




classification must be that which gives the smallest coefficients of variation 
(CVs) (Rodríguez-Murillo, 2001). Based on these criteria, 23 groups of polygons 
were then identified (Fig. 3.2). No soil texture data was available for the most 
Western coastal border of Flanders. The grouping of polygons in that area was 
therefore based on another soil map which describes soil texture and landscapes 
(scale 1:100000) for the province of West-Flanders and that was constructed at 
our department during the national soil classification. Three groups of polygons 
were identified in that area, namely light polder soils (light clay texture, group 
24), heavy polder soils (heavy clay texture, group 25) and the dunes (sandy 
texture, group 26). 
 
 
Fig. 3.2 Map of clustered polygons based on soil texture and spatial location 
 
 
The condition of normality of the SOC data was tested for each of the 26 groups 
of polygons. The data was normally distributed for all groups except for groups 
8, 12, 16, 17, 20, and 22. Van Meirvenne et al. (1996) also tested a large dataset 
containing over 900 SOC measurements made in the province of West-Flanders. 
The distribution of these data was positively skewed. Therefore they used a 
logarithmic transformation to obtain a normally distributed dataset. None of our 
non-normally distributed groups, however, had a log normal distribution. 
However, after leaving out outliers, group 22 was found to have a normal 
distribution. Also, for groups 12, 16 and 17 the deviation from normality was 
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small as was indicated by their histograms and the values of the associated 
skewness and kurtosis (data not shown). Since F-tests are fairly robust against 
small deviations of normality we decided that WLS-regression could still be 
used to analyse these groups, always bearing in mind that results with P-values 
close to 0.05 would have to be handled with caution. The large group 10 had a 
binominal distribution and was therefore split into two different groups (named 
10 and 27), both then having a normal distribution. The requirement of equality 
of variances of the SOC content within each group amongst the four different 
dates was tested using Levene’s test. We chose to use Levene’s test as it is less 
dependant on the condition of normality than other tests used for this purpose, 
and it could therefore also be used to analyse the data of groups 12, 16 and 17, 
which were only approximately normally distributed. 
 
3.2.4 Estimation of the carbon stock changes from the SOC content data 
 
The results of the linear regression can be extrapolated to carbon stock changes 
by taking into account the bulk density and the cropland surface per polygon. 
There are no indications that the average ploughing depth in the study area had 
changed during the 1990-ies, therefore, the measured changes of the SOC 
content correspond directly with SOC stock changes. The term “cropland” here 
refers to all land on which typical yearly crops are grown (e.g. sugar beet, potato, 
wheat) but also parcels with temporary pasture and vegetables in open air. 
Cropland area figures on a community scale are published yearly by the National 
Institute for Statistics (NIS) which conducts a general poll with all Belgian 
farmers (NIS, 1990). Assuming that the cropland area within each community is 
spread uniformly, the cropland area of each one of the polygons constituting a 
community could be calculated as a simple fraction of the cropland area per 
community. The cropland area for each group was then obtained by summing 





Garnett et al. (2001) stated that uncertainty of SOC inventories, which are based 
on the extrapolation of profile data to a number of spatial classes, arises as a 
consequence of: (i) problems in the classification of vegetation and soil; (ii) 
inaccurate area estimates; and (iii) unrepresentative values for C content of soil 
and vegetation types. Errors (i) and (iii) are not relevant to our approach, error 
(ii) is also largely excluded in our calculations as both cropland area figures and 
SOC data were available at the same scale for almost all communities. 
 
3.2.5 Soil Bulk Density and extrapolation of OC-content with depth 
 
The soil bulk density of each polygon was estimated from its dominant soil 
texture, using the class-pedotransfer function presented by Van Hove (1969) 
which gives a relationship between soil texture and the bulk density for cropland 
in the northern part of Belgium. The soil bulk density for a group was calculated 
as a weighted mean of the individual bulk densities of its polygons. 
 
In order to extrapolate the carbon measurements (which were made in the upper 
24 cm) to deeper soil layers we needed to use a carbon depth distribution model. 
Various authors (Arrouays & Pélissier, 1994; Bernoux et al., 1998; Hilinski, 
2001) have used exponential models to describe the vertical distribution of 
carbon in soils. Others used or tested logarithmic (Jobbágy & Jackson, 2000), 
quadratic (Smith et al., 2000a) and power models (Bernoux et al., 1998). We 
decided to use the exponential model proposed by Hilinski (2001), which is the 
equation currently implemented in the CENTURY 5.3.2. model, because of its 
simplicity with low data requirements. The general equation is: 
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where C(z), C0 and Cb are the carbon contents (g C g-1dry soil) at a depth of z 
(cm), in the surface layer and at the base of the profile respectively, and K is a 
scale constant (cm-1). Because no SOC data were available for depths below 24 
cm for the 1989-1999 period, we extrapolated the C-content for deeper layers 
from the profile data of the National Soil Survey.  
 
Within the frame of the National Soil Survey between 1947 and 1962, our 
department completed profile descriptions and OC % measurements by the 
Walkey & Black method at 13033 locations, spread over the entire country. The 
analytical data, the exact location and the land use from this survey are available 
in digital format as a database named “Aardewerk” (Van Orshoven et al., 1988). 
We assumed that the carbon density at the profile base, Cb, had remained the 
same between the time 1947-1962 and 1999. For each other depth z and each 
agro-pedological region, we assumed that the SOC % had changed 
proportionally to the mean measured change in the OC % of the surface layer 
(C0) over this period. Only those profiles in cropland, temporary pasture or 
orchard were included when fitting the equation (5184 profiles). Figure 3.3 
shows a map of the location of the profiles over the 7 different Flemish agro-
pedological regions. Because OC % had been measured by horizon, we took z 
equal to the mean depth of each horizon. According to Bennema (1947) the error 
of using mean depths is not larger than the systematic errors attributable to the 






Figure 3.3 Distribution of the selected Aardewerk profiles over Flanders and the 
Silt region; each profile is represented by a dot (1 Dunes; 2 Polders; 3 Sandy 
Region; 4 Sandy Loam Region; 5 Campines; 6 Silt Region; Pasture Area Liège)  
 
 
Using non-linear regression, Equation (1) was fitted to the 1990 carbon data, 
with z, C(z), Cb and C0 as input variables and K the parameter to be estimated. 
By integrating Equation (1), fitted for each region between 0 and 100 cm and 
multiplying by bulk density (ρb), an expression was obtained for the total OC (g 
cm-2) to 1m depth:  



















A mean value for ρb was estimated for each agro-pedological region, based on 
soil texture using the class pedotransfer function published by Van Hove (1969), 
which has also been used by Van Meirvenne et al. (1996). The assumption was 
made that bulk density had not changed between the time of the national soil 
survey and 1999. 
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Calculation of the total SOC stocks according to Equation (2) was evaluated 
using following measures: the relative mean error (ME): 















                                     (3) 
the root mean square error (RMSE) (Bernoux et al. 1998), 
 










=            (4) 
 the coefficient of residual mass (CRM) (Loague & Green 1991), 
 













            (5) 
and the modelling efficiency (EF) (Loague & Green 1991), 
 
              














          (6) 
where Pi are the carbon stocks to 1m depth predicted by the model; Oi is the 
carbon stock to 1m depth calculated for the same profile using the measured 
SOC, n is the number of samples and Ō is the mean of all Oi values.  
 
The depth distribution model fitted well except for the Campines, Polder, Sandy 
and Sandy Loam agro-pedological regions. This was due to the presence of 
horizons with high OC % below the upper horizon (e.g. spodic Bh horizons in 
the Campines region and peat layers in the Polder region). The poor fit for these 
profiles was expected. Excluding these specific profiles (which represented only 
5.4, 8.5, 1.8 and 0.6% of the total number of profiles for each of the above 




fit. The number of profiles excluded seems acceptable, given the very large 
number of the remaining profiles. Values for K, Cb, R2, RMSE, CRM, EF and 
the ME for each agro-pedological region are shown Table 3.3. Values for EF can 
be positive or negative with a maximum value of 1, since the EF were well 
positive for all regions except for the Polder region, we judged them to be 
acceptable. A positive value indicates that the simulated values describe the 
trend in the measured data better than the mean of the observations. From the 
values of the CRM (Table 3.3) it can be seen that the model slightly 
overestimated the OC-stocks for most regions. 
 
Table 3.3 Estimated parameters of the depth distribution model and statistical 
evaluation by agro-pedological region 






(kg C m-2) CRM EF 
Relative 
Error (%) 
Polders 0.05375 0.280 0.81 8.91 0.403 -0.088 -40.3 
Dunes 0.02675 0.362 0.58 4.20 -0.112 0.477 10.9 
Sandy Region 0.02201 0.057 0.71 4.97 0.008 0.901 -0.8 
Campines 0.02231 0.066 0.71 5.59 -0.015 0.597 1.5 
Sandy Loam Region 0.02521 0.080 0.81 2.25 -0.046 0.532 4.6 
Silt Region 0.02510 0.131 0.82 2.32 0.003 0.722 -0.3 
Pasture Area Liege 0.02755 0.159 0.84 2.13 -0.019 0.750 1.9 
 
The K values were very similar for most neighbouring regions (e.g. Sandy & 
Campines regions, Sandy Loam & Silt regions). However, there was a general 
trend for higher K values with heavier soil textures. The lowest values were 
obtained for the Sandy and the Campines regions with a sandy texture (sand, 
loamy sand, sandy loam, according to USDA classification), slightly larger 
values of K were related to the Sandy Loam and Silt regions which have silt and 
silt-loam to loam soil textures, and the largest value was for the Polder region 
where most soils have a clay texture. A larger K value means a greater decrease 
of OC % with depth, and hence, the finer the soil texture the greater the decrease 
of OC % with depth. Many soils in the Polder region tend to have higher water 
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tables, which may, rather than soil texture, explain the different K value for the 
Polder region. 
 
For each one of the groups a weighted mean value of K and Cb was calculated 
based on the spread of their constituting polygons over the 7 Flemish agro-
pedological regions and C0 was known to us per polygon. By integrating Eq. 1 
between 0 and 100 cm and multiplying with the soil bulk density, the carbon 
stock could be calculated to a depth of 1 m. 
 
3.3 RESULTS AND DISCUSSION  
 
The sum of the SOC stocks of each group individually yielded a total Flemish 
1990 stock of 28162 kton OC. Levene’s test showed that for each group the 
condition of homoscedasticity (equal variance of the mean SOC content between 
each of the 4 dates) was fulfilled. The results of the WLS-linear regression: 
%OC = β0 + β1t, where β0 is the intercept (%OC), β1 the slope (%OC y-1) and t 
the time in years, are given in Table 3.4. The regressions for groups 8 and 20 
were not valid since the distributions of their OC data were strongly different 
from normality, but were still performed in order to calculate total stock changes 
for Flanders. The WLS-linear regression was significant for all groups except for 
groups 4, 9, 14, 24, 25 and 26. This insignificance of the regression can be due to 
either the changes in SOC content being too small, or to the groups being not 











Table 3.4 Number of polygons, cropland area in 1990, estimated regression 
parameters and yearly OC-stock changes per group 







 (% OC) 
β1  
(% OC y-1) 
Stock change 
(kton OC y-1) 
1 7  9246   1.75  -0.026 -14.4  
2 18  6054   2.00  -0.026 -9.0  
3 30  17991   2.11  -0.040 -40.8  
4 35  9014   1.66a  -0.012a -6.5  
5 25  40903   1.23  -0.014 -33.0  
6 11  4073   1.65  -0.029 -6.7  
7 17  14043   1.24  -0.013 -10.8  
8 26  11764   1.02b  -0.014b -9.2  
9 8  4618   0.94a  -0.006a -1.6  
10 26  19559   1.10  -0.012 -13.8  
11 19  5687   1.37  -0.025 -8.5  
12 20  10908   1.63  -0.024 -13.9  
13 5  3004   2.04  -0.092 -10.8  
14 5  2839   1.55a  0.001a 0.2  
15 11  9825   1.42  -0.023 -13.6  
16 35  36400   1.58  -0.017 -30.8  
17 24  15200   1.18  -0.017 -15.3  
18 13  15663   1.51  -0.021 -17.8  
19 9  8282   1.23  -0.016 -7.4  
20 21  14449   1.13b  -0.009b -8.0  
21 8  3693   1.10  -0.015 -3.3  
22 23  47016   1.22  -0.017 -43.0  
23 6  8308   1.19  -0.020 -9.6  
24 9  13129   1.33a  -0.004a -2.1  
25 10  12838   1.57a  -0.010a -4.8  
26 9  4393   1.57a  -0.004a -1.0  
27 12  10513   1.24  -0.022 -13.1  
a Weighted Linear Regression was not significant (P = 0.05) 
b Regression not statistically valid due to large deviation from normality (see 
explanation in text) 
 
For these groups no statistically significant conclusion can be drawn about an 
increase or decrease of the SOC content. For all other groups the regression 
coefficient β1 was negative and this implicated a significant decrease of the 
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measured SOC content. The 95% confidence intervals of β1 were rather large 
(Fig. 3.4). 
 
Figure 3.4 Confidence intervals of the estimated regression parameter β1 for 
each polygon group 
 
 
These large confidence intervals are a consequence of the within group 
variability (which had an average CV of 16%) and the large standard deviation 
of the SOC data within the polygons themselves. For group 13 an unrealistically 
high value of β1 was obtained. However, because this β1 had a very large 
standard error, the reliability of this result seems very doubtful. The regression 
parameters were recalculated to a yearly SOC stock change for each group 
(Table 3.4). The sum of these changes for all groups yielded a total SOC stock 
change for Flanders of -348 kton OC y-1.  
 
Assuming then that no significant differences occurred in the loss of OC by 
leaching or soil erosion, the decrease of the OC-content can be expressed as a net 
CO2-emission. The assumption of no erosion for this study is a reasonable one, 
since the largest part of Flanders shows very little or no relief at all, except for 




Furthermore, as precipitation is spread uniformly over the year, soils are moist 
throughout the year and wind erosion is a marginal phenomenon. Carbon loss by 
methane emissions was not considered as most cropland soils in Flanders are 
adequately drained. Belgium reported a net emission of 0 kton CO2 in the period 
1990-1997 from agricultural soils, which implies that no changes of the OC 
content would have occurred during that period due to human induced activities 
in Belgian cropland. However, from the results of this study, it is clear that no 
such condition of steady state existed in that period, but rather there was a net 
emission of 1275 kton CO2 y-1 for the Northern part of Belgium.  
 
The greatest potential to increase current soil carbon stocks will probably be 
through improved management of agricultural land, particularly degraded 
croplands (Batjes, 1999). To identify the carbon sequestration potential of soils, 
two factors are of particular importance, namely their current SOC content 
compared to average SOC contents for those climatic conditions, and recent 
changes in SOC stocks that have occurred. 
 
Increases in soil carbon are finite with systems tending toward new equilibria 
after 50-100 years, whereby carbon accumulation slows and eventually stops 
(Smith et al., 1997). Hassink & Whitmore (1997) observed that the net rate of 
accumulation of SOC depends on the extent to which the soil is already saturated 
with SOC (i.e. the size and capacity of the reservoir). Consequently, a soil’s 
carbon sequestration potential at a given time depends on the carbon stock 
present in that soil at that time. Many studies have reported a relationship 
between stabilization of OC in soils and clay or (silt + clay) content, which is 
understood to be the result of the chemical or physicochemical binding between 
SOM and soil minerals, i.e. clay and silt particles (Six et al., 2002b). The 
individual SOC content of each polygon should therefore be rated by a 
comparison within textural groups. The mean of the 1999 SOC contents of all 
polygons for each textural class are given in Table 3.5.  
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Table 3.5 Number of polygons, soil bulk density, mean SOC content and 
standard deviation (Stdev) per textural class 
Textural classa - 
predominant USDA 













Z – sand 85 1.37 1.73 0.35 
S – loamy sand 68 1.42 1.50 0.40 
P – sandy loam 46 1.47 1.27 0.30 
L – silt loam 121 1.44 1.14 0.21 
A – silt/(silt loam) 85 1.43 1.07 0.18 
E – (clay) loam 7 1.34 1.33 0.28 
U – (sandy/silty) clay 1 1.20 1.84 0.00 
LP – clay 6 1.34 1.49 0.19 
HP – clay 9 1.20 1.54 0.24 
D - sand 7 1.37 1.49 0.26 
a LP: light polder soils, HP: heavy polder soils, D: dunes; for a more precise 
description of the other symbols, see App. I 
 
 
By comparing the mean SOC content within a polygon with the mean SOC 
content for its textural symbol (Table 3.5), areas with small or large SOC 
contents were identified (Fig. 3.5). Based on this comparison three main areas 
with small SOC contents could be identified. 
 
A first area corresponds to the arable cropping region lying east of Brussel near 
Leuven (location see Fig. 3.5). Soils in this area have a silt or silt loam texture. 
Historically (starting mainly after WWII) most of the traditional mixed farms 
with livestock and arable crops in this region were replaced by arable cropping 
farms, with a concomitant reduction in the input of organic material from animal 
manure. Between 1990 and 2000 the number of pigs in the district Leuven (30 






Figure 3.5 Difference between the mean SOC content of each polygon and the 
mean SOC content for all the polygons of its textural class 
 
The relative density of pigs to the cropland area of each community (i.e. number 
of pigs per community / ha cropland area per community) (year 2000) was 
positively correlated (Pearsons corr. coeff. (R) = 0.455; P = 0.05) with the 
relative difference between the mean SOC content per community and the 
average SOC content of their corresponding textural class (Fig. 3.6). Similarly, 
the correlation was also significant and positive (R = 0.375; P = 0.05) for the 
relative number of cattle (Fig. 3.6) per cropland area but only when one 
community was left out of the correlation (this was a community with an 
extremely high SOC content as compared to the surrounding communities, and 
with a very large CV). These results indicate that in the region surrounding 
Leuven communities with less dense animal production, and which are thus 
more focused on arable farming, have relatively lower SOC contents when 
taking into account soil texture. This seems to support our hypothesis that the 
low SOC content of this region is a consequence of the shift from mixed farming 
to pure arable cropping.  
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Figure 3.6 Scatter plot between the livestock density per community (number 
of livestock units per hectare cropland) in the Leuven district and the 
difference between the mean SOC content per community with the average 
SOC content in Flanders of the corresponding textural class (∆ %SOC) 
 
 
For the two other areas no direct correlation could be found between farming 
management and the mean SOC content of the polygons. The second area 
having a relatively low SOC content is located North and North-East of Kortrijk. 
Soils in this region have a soil texture between sand and silt loam. We could not 
designate a possible reason for the relatively low SOC content of these soils. The 
area cannot be distinguished from other agricultural regions in Flanders with the 
same soil texture as adopting a farming management which is very different. A 
third region, which is characterized by polygons which have relatively small 
SOC contents, is located along the North-Western border of Flanders. Most of 
these soils have sandy and loamy sand textures. The relatively low SOC 
contents, compared to the textural average, were probably also associated with 
very large SOC contents of polygons in other regions which belong to the same 




From Table 3.4 it can be concluded that high losses occurred in the North-
Eastern part of Flanders (groups 1, 2, 3, 6), and the restoration of lost SOC may 
be easier there than in other parts of Flanders. These groups correspond with the 
Northern Campine soils, which have sandy and loamy sand soil textures and in 
which a large part of the Belgian intensive livestock breeding (pigs and poultry) 
is located, hence the very large SOC contents in 1990. However, the application 
of manure in Flanders has been restricted by law since the beginning of the 
1990-ies when the Manure Action Plan (De Batselier, 1993) came into force. 
This, in combination with the very light texture of these soils, may explain the 
strong decrease of the SOC content in this region during the 1990-1999 period. 
Almost all Campine soils still had a relatively high mean SOC content in 1999 
(Fig. 3.5). This shows how management for carbon sequestration in some cases 
may be in conflict with management designed to mitigate other environmental 
problems, such as nitrogen leaching. Areas in Europe, with an intensive 
agricultural activity, comparable to our study area, can be deduced from manure 
and fertilizer use on a per ha basis. In general livestock production in Belgium 
(Flanders), Denmark, Ireland, The Netherlands and the UK is intensive while in 
other countries intensive livestock production is limited to specific regions such 
as the Po Valley in Italy, Brittany in France, Catalunia in Spain and the 
Northwestern part of Germany (De Clercq et al., 2001). Furthermore, long-term 
data suggest that the manure production in the EU is declining (De Clercq et al., 
2001; OECD, 2001). De Clercq et al. (2001) then showed that the trend in 
nutrient use during the nineties in Belgium is occurring in most other countries 
as well, with a slight decrease of the yearly national N-surpluses. This slight 
extensification of European agriculture may have contributed to the recent 
carbon stock changes by reducing organic matter input from manure 
applications. 
 
Our study seriously questions the assumption that no recent changes have 
occurred in SOC stocks within regions with an intensive cropland production. 
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Although our results apply only to Flanders, there are other indicators that 
similar evolutions possibly have occurred in many other regions in Europe with 
comparable agricultural activity. Vleeshouwers & Verhagen (2002) simulated 
fluxes in SOC content in Europe (t C ha-1 y-1) for the commitment period 2008-
2012, taking into account climatic, soil and crop factors. Results were rendered 
on a 0.5x0.5° grid and were taken as the weighted average of 8 arable crop 
categories considered in each grid cell. For the business-as-usual scenario all 
arable fields in Europe showed to be net sources with an average decrease of the 
SOC stock of -0.84 t C ha-1 y-1. Our calculations yielded an average decrease of -
0.87 t C ha-1 y-1 for Flanders, which corresponds very well with the simulation 
results obtained by Vleeshouwers & Verhagen (2002). They clearly showed that 
this decreasing trend is a general trend in Europe. These findings support the 
hypothesis that the decrease of the mean SOC % of Flemish cropland soils 
during the nineties is also applicable to other regions in Europe which have a 
comparable agricultural management.  
 
The problem of data availability will be a major obstruction for verifying 
whether stocks have actually changed in regions other than the study area. We 
had access to 0.12 measurements ha-1 cropland per 3 year period on average, an 
unusual sampling density which is not available for other regions in Europe. 
However, the average standard deviation of the measurements remained about 
1/3 of the mean SOC % at the small community scale. The quality of SOC maps 
may be improved and spatial sampling intensities reduced by incorporating 
secondary data to enhance spatial estimates (Mueller & Pierce, 2003). In our 
approach we used soil texture as a second soil property by which SOC data 
could be grouped in larger, more or less homogeneous groups. For these groups 
statistically significant results could be obtained, where this was first impossible 
with the ungrouped results. For the temporal analysis of SOC data in other 




meaningful and readily available soil properties (e.g. soil texture, drainage class, 
profile development) will be needed. 
 
In theory, by merely restoring SOC content in Flemish cropland soils to their 
pre-1990 condition, a total of 3200 kton OC or 11700 kton CO2 would be 
sequestered. Smith et al. (2000b) summarized the yearly potential SOC 
accumulation rates (in relative % of the SOC present in the soil) for a number of 
land management practices: on average 0.43% for use of animal manure, 0.49% 
for use of sewage sludge, 0.73% for no-till farming (including fossil fuel 
savings), 1.02% for agricultural extensification (e.g. ley-arable rotations). 
Assuming that these management practices are applicable to restore the SOC 
losses in Flemish cropland reported here, theoretically at best a time period of 
about 13-30 years would be necessary to restore the pre-1990 SOC stocks. If we 
therefore assume that a period of 20 years (more than twice the period in which 
the SOC was lost) is needed for this restoration, about 600 kton CO2 can be 
sequestered per year. Belgium has committed itself to an average 7.5% reduction 
of its 1990 baseline emissions during the 2008-2012 commitment period, i.e. a 
reduction of 10080 kton CO2 y-1. The 600 kton CO2 y-1 due to restoration of pre-
1990 SOC contents of Flemish cropland could thus only account for about 6% of 
the total Belgian CO2-emission reduction under the Kyoto Protocol. Dendoncker 
et al. (2004) calculated SOC sequestration rates for a number of management 
options for the whole of Belgium to be 660-1260 kton CO2 y-1, which 
corresponds to our findings. Our calculations, however, are theoretical, and in 
practice we can not expect that these management options will be implemented 
on all Flemish cropland soils, nor do we expect them to always yield as high 
SOC accumulations as mentioned by Smith et al. (2000b). Van Meirvenne et al. 
(1996) studied changes in SOC in the province of West-Flanders covering a 40 
year period, revisiting 983 locations that were used as arable land. An increase of 
9.3 t OC ha-1 of the mean SOC content was observed over a 40 year period, for 
which they indicated the concomitant large increase in pig breeding in that 
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period to be the major source. These data may be more realistic and would mean 
that a longer period of up to 40 years may be necessary to restore the 1990 SOC 




Identification of regions with a high carbon sequestration potential should be 
based on detailed and accurate maps of SOC content. A massive database of 
SOC measurements in Flanders was used to calculate SOC stocks and stock 
changes between 1990 and 1999. The regression analysis showed a general 
declining trend in SOC content. A detailed soil map allowed us to identify 
regions with SOC contents larger or smaller than average. Three regions with a 
mean SOC content smaller than average may specifically qualify for carbon 
sequestration efforts to be aimed at by partially restoring their SOC stocks. In the 
sandy Campine soils in the most North-Eastern part of Flanders in which the 
largest SOC stock losses have occurred, efforts should be aimed at stopping this 
trend of declining SOC stocks. However, these efforts could come into conflict 
with efforts to reduce the nutrient inputs and nutrient losses from agricultural 
soils (restriction on use of animal manures). Practically, the restoration of all 
SOC lost since 1990 in Flemish cropland soils may well take about 40 years. 
Realistic scenarios of restoration of SOC showed that in regions where intensive 
agricultural production already makes up a large part of the territory, as is the 
case in Flanders, carbon sequestration may only make a very modest 
contribution to reducing a country’s greenhouse gas emissions. Our study 
challenges the assumption that no recent changes have occurred in SOC stocks 
within regions with an intensive cropland production. Cropland soils in other 
regions in Europe (The Netherlands, Denmark, Brittany, the Po Valley, 
Northwestern Germany) may very well have undergone the same decrease of 
their SOC stocks. The insufficient availability of SOC data for these regions for 








Chapter    4
USE OF PHYSICAL FRACTIONATION FOR 
ASSESSMENT OF THE DISTRIBUTION OF SOIL 
ORGANIC MATTER IN FUNCTIONAL POOLS 
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We studied Soil Organic Carbon (SOC) pools using physical fractionation in two 
long-term arable field experiments in Hungary (Martonvásár and Keszthely), 
which started in 1950 and 1963 respectively (clay loam and loam soil). Replicate 
experimental plots of three different manure and fertilizer treatments and one 
unfertilized control object were sampled in March 2004 at both sites. Samples 
from all fields were separated into five size and density fractions. Fertilization 
had a distinct influence on both the OC amount present in two free Particulate 
Organic Matter (POM) fractions (+ 19 - 230% compared to the control 
treatment) and their relative proportion on the whole soil OC. This influence was 
equal or smaller for the POM occluded in microaggregates (53 - 250 µm) (+ 16 -
97% compared to the control treatment), and much smaller for the amount of OC 
present in the silt + clay sized fraction (+ -2 - 30% compared to the control 
treatment). The considered SOC fractions were associated with different 
conceptual SOC pools. Differences in the relative effect of management on the 
amount of OC present in the fractions consequently resulted in shifts of the 
relative proportion of the OC present in these conceptual OC pools. The 
measurability of these changes at the time scale of decades shows that it may be 
possible to use experimental data such as the data obtained from this study for 
the development and calibration of SOC models with conceptual OC pools 
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4.1 INTRODUCTION 
 
Soil organic matter (SOM) is a heterogeneous, dynamic substance that varies in 
C and N content, molecular structure, decomposition rate and turnover time 
(Oades, 1988). In most current SOM models, SOM is considered to be 
composed of several discrete pools which differ in their intrinsic decomposition 
rate and in the factors controlling the decomposition rates. While such simulation 
models can be successfully validated using measurements of total SOC and 
isotopic ratios of total C, the individual pools are generally only loosely 
associated with measurable quantities (Six et al., 2002b). However, if measured 
SOM fractions can be shown to be unique and non-composite, they can be used 
as model pools and give the opportunity of detailed model initialization and 
evaluation (Smith et al., 2002). Six et al. (2002b) proposed such a model in 
which SOM is separated into conceptual pools where OM is retained by different 
SOM protection mechanisms: physically protected SOC, recalcitrant chemically 
and biochemically protected SOC and lastly, labile unprotected SOC. 
 
A closer linkage between such theoretical and measurable pools of SOM can be 
made by explicitly defining model pools to coincide with measurable quantities 
or by devising more functional laboratory fractionation procedures or both (Six 
et al., 2002b). Indeed, the whole concept behind physical fractionation of soil 
emphasizes the role of soil minerals and aggregation in the processes of SOM 
stabilization and turnover (Christensen, 2001). Six et al. (2000) suggested a 
physical fractionation procedure which allows isolation and direct measurement 
of the SOC contained within the different pools of their conceptual model.  
 
Several studies have elucidated the relationship between aggregate and 
associated SOM dynamics (Elliott 1986; Jastrow, 1996; Six et al., 1998, 2000). 
Tisdall & Oades (1982) presented an aggregate hierarchy theory for aggregate 




(Oades et al., 1984; Golchin et al., 1994; Angers et al., 1997). This theory has 
been corroborated by many others, as summarized in detail by Six et al. (2004b). 
The current hypothesis of the aggregate hierarchy concept is that free primary 
particles are bound together into microaggregates (50-250 µm) by persistent 
binding agents (e.g. humified OM). These stable microaggregates are bound 
together into macroaggregates (>250 µm) by temporary (i.e. fungal hyphae and 
roots) and transient (i.e. microbial- and plant-derived polysaccharides) binding 
agents, and in turn, new microaggregates are predominantly formed within 
macroaggregates. Because of this hierarchical order of aggregates and their 
binding agents, microaggregate stability is higher and less dependent on 
agricultural management than macroaggregate stability. Since long it has been an 
aspiration to integrate these mechanisms of the physical protection of soil OM 
within aggregates into a SOM model (Elliott et al., 1996). The physical 
fractionation procedure and the associated conceptual SOM model, which Six et 
al. (2002b) proposed, specifically takes physical protection of OC into account 
since it differentiates POM in aggregates from POM outside of these aggregates. 
 
Soil management induced changes on the equilibrium between input of primary 
OM and decomposition, e.g. by additional input of OM from plants or manure 
on one hand, or by enhanced aeration due to tillage on the other, lead to 
measurable changes in OC contents of organic-mineral fractions (Schulten & 
Leinweber, 2000). Many studies have reported relative increases in OC content 
of particle-size fractions of manured fields compared to soils which received 
only mineral fertilizer (Christensen, 1988; 1992; Angers & N’Dagayame, 1991; 
Leinweber, 1995; Gerzabeck et al., 2001). Schulten & Leinweber (2000) 
summarized the characteristic redistributions of the proportions of OC in size 
fractions, which occur when bulk soil OC contents change, based on contrasting 
objects of 12 long-term fertilization field experiments in Europe. Lower SOC 
levels due to more “intensive” soil management were accompanied by increased 
relative proportions of OC in clay. On the other hand, SOM-conserving 
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management systems were characterized by larger proportions of OC in the sand 
fraction. Similar results were obtained for density fractions with relative 
increases of the OM associated with the light fractions in manured or native soils 
compared to unmanured or tilled soils (Dalal & Mayer, 1986; Schulten & 
Leinweber, 2000). 
 
None of these studies used fractionation techniques which specifically aim at 
isolating fractions that can be related to conceptual SOM model pools. In 
contrast, the objective of this study was specifically to assess the extent to which 
OM management affects, and thus is measurable by, the distribution of SOC in 
such conceptual pools. Soil samples of the plough layer from different OM-
treatments from two long-term Hungarian field experiments were fractionated 
into size and density fractions using a methodology similar to the one proposed 
by Six et al. (2000). We examined the effects of mineral fertilizer and animal 
manure, as compared with unfertilized soil on the OC distribution in these SOC 
fractions. Thereby, a distribution of SOC into conceptual pools with differing 




4.2.1 Site Description and soils 
 
Two long-term Hungarian field experiments located at Martonvásár and at 
Keszthely, which started in 1950 and 1963 respectively, were included in this 
study. General information on the location, climate and soil of both sites is given 








Table 4.1 Summary of the long-term fertilization experiments in Martonvásár 

























       





In both field experiments several mineral fertilizer and farmyard manure 
treatments were established at both experimental sites (Table 4.1). The crop 
rotations at Martonvásár (wheat-wheat-maize-maize) and at Keszthely (wheat-
wheat-sugar beet-maize-maize) were comparable. From the Martonvásár field 
experiment, four contrasting treatments were included in this study: 1° A control 
receiving no manure or NPK fertilizer (M1); 2° application of 40 t FYM every 
four years (M2); 3° application of 40 t FYM plus an equivalent amount of NPK 
in mineral fertilizer every four years (M3); 4° application of 80 t FYM every 
four years (M4). Similar treatments were selected from the Keszthely field 
experiment to be able to compare results with the Martonvásár site as much as 
possible: 1° A control receiving no manure or NPK fertilizer (K1); 2° application 
of 35 t FYM every five years (K2); 3° application of 35 t FYM plus an 
equivalent amount of NPK in mineral fertilizer every five years (K3); 4° 
application of 104 t FYM every five years (K4).  
 
Table 4.2 summarizes the total amount of N, P2O5 and K2O from both mineral 
and organic fertilizers applied calculated on a yearly basis, the average crop yield 
of maize and winter wheat and the estimated average yearly OC input from crop 
residues and farmyard manure into the soil. The crop residue OC input was 
calculated based on crop yields by assuming a constant proportion of root and 
above ground residues to the harvested part of the maize and wheat. No yield 
data were available of the sugar beets, therefore an estimate of the OC input from 
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root residues from this crop was calculated using average yield figures for 
Hungary (Anonymous, 2004). The OC and nutrient input from the FYM was 
calculated using a constant OC content of 105 kg OC t-1 fresh manure and NPK 
contents of 6.2 kg N t-1 fresh manure, 1.8 kg P t-1 fresh manure and 5.8 kg K t-1 
fresh manure.  
 
Table 4.2 Description of the different treatments of the long-term fertilization 
experiments in Martonvásár and Keszthely (Hungary)  
Total Fertilization OC inputa Grain Yield 







1 y-1) FYM Planta Md Wd
Martonvásár        
M1: Control treatment 0 0 0 0 0.6 4.9 2.4 
M2: 40 t FYM ha-1 / 4y  62 18 58 1.1 0.8 6.4 3.0 
M3: 40 t FYM ha-1 + NPK / 4y 124 36 116 1.1 0.9 6.6 3.6 
M4: 80 t FYM / 4y 124 36 116 2.1 1.0 7.1 4.6 
Keszthely        
K1: Control treatment 0 0 0 0 0.4 2.5 2.9 
K2: 35 t FYM ha-1 / 5y 43 13 41 0.7 0.5 3.3 3.2 
K3: 35 t FYM ha-1 + NPK / 5y 87 26 82 0.7 0.7 5.6 4.5 
K4: 104 t FYM / 5yb 129 37 121 2.2 0.6 3.8 4.2 
a Estimated from crop yields  
b Farmyard Manure was applied in two separate portions 
c DM: Dry Matter 
d M: Maize; W: Wheat 
 
Samples from the top soil (0-20 cm) were taken in March 2004 from two 
replicate experimental plots for each treatment using an auger bore and were 
bulked. First, the field moist soil was gently broken apart by hand and was 
passed through an 8 mm sieve to break down large macro-aggregates. The soil 
was then dried at 50°C. 
 
4.2.2 Physical fractionation of soil organic matter 
 
Sub samples from every replicate of the different treatments were separately 




in triplicate, yielding a total of six repetitions per treatment. To avoid possible 
slaking of micro-aggregates during wet sieving, all soil samples were pre-wetted 
according the method used by Gale et al. (2000): a 10 g sub sample was weighed 
on a 20 µm nylon filter on top of a glass-fiber filter (Whatman GF/A) in a Petri-
shell. The soil samples were wetted by slowly adding water to the edges of the 
glass-fiber filter and by allowing it to be absorbed by the soil. The samples were 
left to equilibrate overnight in a refrigerator. 
 
The wet sieving method used was based on the procedure described by Six et al. 
(2000). A sieving setup (App. II) was used that allows complete break up of 
macroaggregates into microaggregates (53-250 µm) while minimizing disruption 
of the released microaggregates. The 10 g soil sample was placed on a 250 µm 
sieve and was gently shaken with 4 mm glass beads on top of a reciprocal 
shaker. A constant water flow through the sieving column consisting of a lid, the 
250 µm sieve and a pan with water outlet (Eikelcamp Agrisearch Equipment) 
flushed the <250 µm fraction directly onto a 53 µm sieve, thus avoiding further 
disruption of the microaggregates by the beads. The water + soil fraction <53 µm 
passing through the 53 µm sieve was collected in buckets. The coarse free 
particulate oranic matter (coarse fPOM) and sand which had been retained on the 
250 µm sieve was collected in a pre-weighed 400 ml measuring beaker, dried at 
105°C and weighed after cooling down in a desiccator. The same procedure was 
followed for micro-aggregates, fine free POM (53-250 µm) (fine fPOM) and fine 
sand which had been retained on the 53 µm sieve. The water in the buckets was 
aspirated after sedimentation of the silt and clay and the remaining water + soil 
was collected in measuring beakers, dried and weighed. All fractions were stored 
in glass vials. 
 
The fine fPOM between the microaggregates was isolated from the fine sand, the 
intra-microaggregate POM (iPOM) and the clay+silt fraction within the 
microaggregates by density flotation with 1.85 g cm-3 sodium polytungstate 
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(SPT) (Sometu Europe, Falkenriedt 4, Berlin, Germany) following a procedure 
similar to the one used by Six et al. (1998). Five grams of the dried 53-250 µm 
fraction was weighed and pre-wetted as described above. Each sample was 
rinsed from the nylon filter into an 80 ml nalgene centrifuge tube using 50ml 
SPT (the SPT was adjusted to 1.87 g cm-3 as the water inside the aggregates 
would lower the density to 1.85 g cm-3, as described by Gale et al. (2000)). The 
samples were centrifuged at 1250g for 60 min at 20°C. The floating material, i.e. 
the fine fPOM, was aspirated and filtered on a pre-weighed 20 µm nylon filter. 
The material on the filter was rinsed with water to remove remains of SPT, and 
the filters were dried at 50°C. The pellet was rinsed into a 1000 ml measuring 
beaker and was left to sediment overnight after which the water + dissolved 
remains of SPT were aspirated. This procedure was repeated to ensure complete 
removal of the SPT. Afterwards the remaining water and soil were transferred to 
a pre-weighed 250 ml beaker, dried at 105°C and weighed.  
 
A sub sample of 4 g of the isolated microaggregates was dispersed in 25 ml 
sodium hexametaphosphate (5g l-1) inside a 250 ml Erlenmeyer by shaking 18h 
on a reciprocal shaker. The dispersed samples were passed through a 53 µm 
sieve and were rinsed thoroughly with water. The material retained on the sieve 
(fine sand and iPOM) was backwashed into a pre-weighed measuring beaker and 
was dried at 105°C and weighed. 
 
4.2.3 Chemical fractionation of the silt + clay (<53 µm) associated OM 
 
The <53 µm fraction contains OM which is stabilized both as a consequence of 
its complex chemical composition and by adsorption to silt and clay particles. 
Several studies have found that the non-hydrolyzable OM fraction in temperate 
soils includes very old C (for a review see Six et al., 2002b). A simple hydrolysis 




used to differentiate older and passive OC from the more labile OC associated 
with the <53 µm soil fraction.  
 
Since the amount of material left of the <53 µm fraction was insufficient, 
additional soil samples were used for the hydrolysis. Whole soil samples (20 g) 
were dispersed by shaking in distilled water for 18h with 10 glass beads inside a 
400 ml glass beaker in accordance to Carter et al. (2003). The dispersed sample 
was passed through a 53 µm sieve and rinsed with water and collected in 600 ml 
measuring beakers and was dried at 105°C.  Prior to hydrolysis, CaCO3 present 
in the <53 µm samples was removed by shaking the soil inside a glass 
erlenmeyer with 50 ml 0.1M HCl on a reciprocal shaker for 16h. The sample + 
0.1M HCl solution were then separated by filtration on a Whatman 2 filter using 
a Büchner funnel. The soil material retained on the filter was collected and dried 
in the oven at 105°C. Five g of this CaCO3-free <53 µm soil fraction was rinsed 
with 25 ml 6M HCl into a 500 ml round-bottom flask, and the mixture was 
gently boiled for 16h under reflux using Liebig coolers which were attached on 
top of the flasks. Afterwards plenty of distilled water was added to the flasks and 
the remaining material was again separated by filtration and dried as described 
above. The fraction of non-hydrolysable OC is the ratio of the OC content of the 
<53 µm sample after hydrolysis to the OC before hydrolysis.  
 
4.2.4 Carbon analysis 
 
Sub samples (200 mg) of the separated iPOM fraction + fine sand and the 
silt+clay (<53 µm) sieving fraction were analyzed for both OC and inorganic 
carbon (IC) content with a Shimadzu TOC analyzer, because all soils contained 
CaCO3 (Martonvásár: 1.1-1.3%, Keszthely: 0.5-0.6%). Because of the very low 
quantities of fine fPOM obtained after the density fractionation (5-30 mg), the 
fine fPOM obtained from the 3 fractionation replicates per field replicate of each 
treatment were bulked for the C analysis. The coarse and fine fPOM fractions 
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were assumed to contain no CaCO3 and were analyzed with an Elementar 
Variomax CNS-analyzer which allows for faster measurement but measures total 
C. The non-hydrolyzable material obtained from the chemical fractionation was 
also analyzed for total C using the CNS-analyzer, as it contains no carbonate 




4.3.1 SOC content of the whole soil 
 
Table 4.3 gives the soil texture for all treatments and the CaCO3-C content of the 
bulk soil (0-20 cm). There was very little variability in these soil properties 
among treatments of the same field experiment. However, the soil texture of the 
K4 treatment at Keszthely was slightly heavier than for the other treatments at 
that site, which may influence the results of the physical fractionation. CaCO3-C 
contents were low, but not negligible for physical fractionation, particularly for 
Martonvásár. The Calcic Chernozem soil at Martonvásár had a much higher 
SOC content than the Eutric Cambisol at Keszthely for all treatments, although 
both experiments were comparable in management and crop rotation. OC 
content of the bulk soil samples increased with both mineral fertilizer and 
manure applications as compared to the control for both sites. However, there 
was no further increase in SOC between the K2 and K3 treatments at Keszthely. 
The mean difference between the measured whole-soil OC content and the 
calculated whole-soil OC content after the physical fractionation amounted 7.9% 
and 3.5% on average for Martonvásár and Keszthely respectively. This 
difference was, however, only significant for the M4 treatment according to a 






Table 4.3 Soil texture, CaCO3-C and SOC content and comparison with the 
bulk soil OC balance by summing the different OC fractions from the physical 






(%Sand) (%Silt) (%Clay) (%C) (%OC) (%OC) 
Martonvásár       
M1 30.5 35.7 33.8 0.14 1.65 1.56 
M2 31.0 35.7 33.4 0.14 1.75 1.57 
M3 31.1 35.2 33.8 0.14 2.12 1.95 
M4 31.0 36.0 33.1 0.15 2.17 2.00 
Keszthely       
K1 44.1 33.9 22.1 0.08 0.92 0.87 
K2 44.4 34.1 21.6 0.10 1.04 0.99 
K3 46.1 32.6 21.4 0.09 1.00 0.98 
K4 43.4 32.8 23.8 0.08 1.24 1.22 
 
 
4.3.2 Soil DM distribution in the isolated soil fractions  
 
Table 4.4 summarizes the distribution of the soil dry matter (DM) over the 
various isolated soil fractions. The >250 µm fraction (sand + coarse fPOM) and 
the fine fPOM fraction accounted for 2.4-4.2% and 0.1-0.4% of the soil DM for 
Martonvásár and 2.2-2.5% and 0.02-0.04% for Keszthely respectively. The third 
sand-sized soil fraction, containing the iPOM, which was obtained after density 
separation and dispersion of the 53-250 µm sieving fraction, amounted to 25.8-
28.0% and 37.9-42.0% of the whole soil DM for Martonvásár and Keszthely 
respectively. The sum of DM percentages of these three fractions was roughly 
equal to the percentage of sand (recalculated on a whole soil basis by taking into 
account the %OM and %CaCO3).  
 
For Martonvásár, ANOVA showed significant differences among treatments for 
all fractions considered. ANOVA showed that there was no effect of treatment 
on the DM proportion of any of the isolated soil fractions of the Keszthely site, 
except for the proportion of the fine fPOM fraction but no consistent trend with 
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Table 4.4 Amount of soil dry matter present in the size and density fractions  
(g 100g-1 soil) obtained by the physical fractionation 
Microaggregates + fine free POM +fine sand
(53-250 µm) 
Heavy fraction Treatment 
Coarse sand + 
coarse POM 
(>250 µm) Light Fraction(fine POM) >53 µm <53 µm 
Silt + clay 
(<53 µm) 
Martonvásár      
M1 2.4±0.9 0.13±0.02 26.7±0.5 35.4±1.7 35.6±2.4 
M2 2.5±1.0 0.17±0.06 26.0±1.2 35.0±1.0 36.3±2.9 
M3 3.2±0.4 0.26±0.01 28.0±0.6 32.3±1.8 36.3±2.4 
M4 4.2±1.6 0.39±0.23 25.8±0.5 34.6±2.5 35.0±3.2 
Keszthely      
K1 2.5±0.7 0.04±0.01 39.0±1.8 35.5±2.7 22.9±1.4 
K2 2.2±0.4 0.05±0.02 40.1±3.1 35.2±3.2 22.4±1.1 
K3 2.5±1.1 0.03±0.01 42.0±1.8 33.9±2.6 21.6±1.2 
K4 2.5±0.2 0.02±0.01 37.9±2.8 36.8±3.6 22.8±2.4 
 
 
manure and fertilizer treatment was observed. For the coarse fPOM + sand 
fraction and the fine fPOM fraction there was a clear increase of the relative 
amount of DM in the order: control < mineral fertilizer < mineral fertilizer + 
FYM < FYM x 2. For the other fractions no consistent trend with treatment 
could be found.  
 
4.3.3 OC distribution in the isolated SOM particle size and density 
fractions 
 
The amount of OC present in a soil fraction was calculated by multiplying its 
measured OC content with its DM weight. The relative distribution of the whole 
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Figure 4.1 Relative distribution of the total OC over the coarse fPOM (>250 
µm), the fine fPOM (53-250 µm), the iPOM (53-250 µm) and the silt+clay 
associated (<53 µm) SOC fractions for the different treatments at the 
Martonvásár (above) and Keszthely (below) sites. Y-error bars give the 
corresponding standard deviation of the averages. For each fraction, columns 
followed by different lower case letter at the top are significantly different at P = 
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ANOVA yielded significant (P = 0.05) differences in the relative OC 
contribution for all fractions for Martonvásár. To compare means of the indivual 
treatments Duncan’s multiple range Post-hoc test, which assumes equalty of 
variances and makes pairwise multiple comparisons of means, was selected. The 
post hoc test showed that treatments M3 and M4 had higher proportions of both 
free POM fractions (coarse fPOM and fine fPOM). The proportion of OC in fine 
fPOM and iPOM fractions increased consistently with fertilizer and manure 
treatment. As a consequence of the larger proportions of both free and occluded 
POM fractions to whole soil OC, the silt + clay associated OC was significantly 
smaller in the M3 and M4 treatments than in the other treatments. For Keszthely, 
ANOVA showed significant differences (P = 0.05) in the relative OC 
contribution of all fractions except in the coarse fPOM fraction. Only very little 
OC was present in the fine fPOM fraction (0.01-0.03 g C g-1 soil C). Duncan’s 
multiple range Post-hoc test showed that the relative amount of iPOM was lower 
in the K1 (control) treatment than in the other treatments and that its relative 
amount of silt + clay associated OC was higher. 
 
4.3.4 Hydrolysis of the <53 µm soil fraction  
 
Table 4.5 gives the OC content and the corresponding amount of OC expressed 
on a whole soil basis of the <53 µm fraction prior to hydrolysis and the measured 
proportion of non-hydrolyzable OC in this fraction. Both the percentage of OC 
and the total amount of OC present in this fraction increased with fertilizer and 
manure additions. The non-hydrolysable OM proportion of the silt + clay 
fraction varied among treatments but a clear relation with management could not 
be deduced. This fraction was some 15% larger for Martonvásár than for 
Keszthely. The total amount of non-hydrolysable OC present in the <53 µm 
fraction expressed on a whole soil basis is presented in Fig. 4.2. An increasing 





Table 4.5 OC content and total amount of OC present in the <53µm fraction 
and the percentage non-hydrolyzable OM of the <53 µm fraction 
Treatment 
OC content of <53µm 
fraction 
(% OC) 
OC in <53µm fraction
(g C kg-1 soil) 
non-hydrolysable OM in 
6M HCl (%) 
Martonvásár     
M1 1.96±0.09 13.9±0.7  80.3±5.3 
M2 1.91±0.18 13.6±0.9  88.6±13.5 
M3 2.23±0.06 15.5±0.7  78.3±12.1 
M4 2.28±0.09 15.7±0.6  81.6±7.3 
Keszthely     
K1 1.23±0.12 7.2±0.8  63.8±9.8 
K2 1.27±0.05 7.3±0.5  68.5±5.5 
K3 1.37±0.14 7.6±0.6  75.4±6.8 






























Figure 4.2 Non-hydrolyzable and hydrolyzable OC in the silt + clay (<53 µm) 
sized soil fraction in the different fertilizer and OM treatments of the 
Martonvásár (left) and Keszthely (right) field experiments. Columns represent 
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4.4 DISCUSSION 
 
4.4.1 Whole soil OC, texture, CaCO3 and DM distribution 
 
Significant changes in SOC due to land management practices can only be 
observed after long time periods (Gerzabeck et al., 2001). N-fertilization 
increases SOC and N by increasing plant biomass production (Gregorich et al., 
1996). Long-term applications of animal manure increase SOM in two ways: by 
adding OM contained in the manure and by increased OM in crop residues due 
to higher crop yields in soils receiving manure (Whalen & Chang, 2002). The 
differences in SOC content between different fertilizer and manure treatments 
were detectable and considerable after several decades in both field experiments 
studied here (Table 4.3). The increase of the SOC contents of the treatments 
relative to the control objects were consistent with the estimated extra OC input 
from manure and plant residues (Table 4.2). As other possible factors such as 
soil texture and pH (data not shown) were equal among treatments, it can be 
concluded that management was the sole factor influencing the SOC levels. The 
fact that SOC levels were higher at Martonvásár compared to Keszthely, in spite 
of the fact that both experiments received very similar OC inputs, can be 
explained by the finer texture of the Martonvásár soils and possibly as well by 
the fact that the Calcic Chernozem soil in Martonvásár by nature is rich in OM in 
the form of stable humus.  
 
It is generally accepted that calcium is a critical element for stabilization of SOM 
and aggregates (Six et al., 2004a). Because calcium exerts its influence at the 
scale of the organo-mineral complexation, its stabilization effect is mostly 
observed at the microaggregate level. As there were no differences in soil CaCO3 
content between treatments no effect on micro-aggregation should be expected. 
Organic matter application both from manure (Aoyama et al., 2001; Gerzabeck 




formation. Manure contains polysaccharides and aliphatic and aromatic 
compounds that can bind to soil particles and create organo-mineral complexes 
important for flocculating aggregates <0.2 µm (Tisdall & Oades, 1982). In 
addition, manure is a source of energy and nutrients for soil micro-organisms 
and plant roots that produce extracellular polysaccharides known to flocculate 
soil mineral particles into aggregates. In spite of this, no increase in the amount 
of soil present in the microaggregate + fine sand fraction (53-250 µm) was found 
in the FYM treatments. This fraction constitutes 61% of the soil DM in 
Martonvásár and constitutes a considerably larger part of 75% for Keszthely. As 
the % sand was about 13% higher in Keszthely, this larger DM proportion of the 
micro-aggregate + fine sand fraction of these soils is very likely due to their 
larger proportion of sand.  
 
4.4.2 SOC distribution in isolated soil fractions 
 
At the Martonvásár and Keszthely sites the OC in the coarse fPOM and the fine 
fPOM combined made up 5-14% and 10-13% of the total OC. Köbl & Kögel-
Knabner (2004) also found the proportion of these fractions to vary between 2.5 
and 13.4% of the bulk soil OC for sandy to loamy soils. According to 
Christensen (2001) the uncomplexed fraction usually makes up less than 10% of 
the OM in the tilled layer of long cultivated arable soils. Results for both sites 
correspond fairly with these results. The Light Fraction (LF) and POM, 
especially coarse POM (>250 µm) are mainly derived from plant material, which 
has been subject to partial microbial decomposition (Six et al., 2001). Both the 
LF and POM have often been suggested to be good indicators for labile organic 
matter (Bremer et al., 1994; Balesdent, 1996; Carter et al., 2003). For example, 
using 13C natural abundance techniques, Balesdent (1996) concluded that POM 
has a short mean residence time compared to other soil fractions, indicating its 
high lability. Six et al. (2002b) suggested that LF and POM, not occluded within 
micro-aggregates, which correspond to the fine fPOM and coarse fPOM in our 
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case, constitute a conceptual “unprotected” SOM pool in which both fractions 
are considered to be similar.   
 
At Martonvásár, the clear increasing trend of the proportion of the amount of OC 
present in the coarse fPOM and the fine fPOM with manure and fertilizer 
treatment confirm them to be good indicators of management. There was no 
further significant increase from the M3 to the M4 treatments. There are indeed 
indications that this unprotected C pool can become saturated, as in various field 
studies no further increase in LF-C and/or POM-C with increasing OM input 
could be observed (e.g. Carter et al. 2003; Six et al. 2002b), whereas at lower 
OM input a distinct relationship between carbon inputs and LF-C or POM-C is 
observed. In a study by Carter et al. (2003) on a sandy loam soil in Ottawa the 
proportions of C in the POM and C in the LF on the total SOC were higher in 
manure amended plots (50 t ha-1 per rotation) than in unamended plots, but no 
further increase was observed between a plot receiving 50 t ha-1 and a plot 
receiving 100 t ha-1. For Keszthely, there was no clear increasing trend with 
management of C in both coarse and fine fPOM. Although the ANOVA showed 
no significant difference among treatments, both K2 and K4 treatments tended to 
have a larger proportion of coarse fPOM than the control K1 object. This seems 
to confirm the distinct response of these labile fractions to management.  
 
Köbl & Kögel-Knabner (2004) reported that the OC of occluded POM 
constituted 5.0-9.8% of the whole soil OC for loam to silty clay loam soils. For 
the Martonvásár and Keszthely soils, the physically protected OC of the iPOM 
fraction held a similar proportion of the whole soil SOC (5.7-8.4% and 7.3-
12.0% respectively). Aoyama et al. (1999) concluded from a field experiment 
lasting 18 years, that there was no effect of NPK fertilization on the amount of C 
physically protected within aggregates, whereas cattle manure application (20 t 
ha-1 y-1) did increase the proportion of protected pools of C in small macro-




OC increased for all treatments compared to the control object for both 
experiments. Post-hoc tests did not reveal any further large differences between 
manure and fertilizer treatments, except for the M4 (2 x farmyard manure) 
treatment, which held a larger proportion of the whole soil SOC. From these 
results it can be concluded that several decades of manure application did result 
in a larger proportion of physically protected SOC. Further increases of the OM 
input had only limited additional effects compared to the M2 and K2 treatments 
in which a single dose of FYM manure was given per rotation. This increase in 
the OC proportion of the micro-aggregate + fine sand (53-250 µm) soil fraction 
occurred while there were no appreciable differences between treatments in the 
DM proportion of this fraction. These results are in contrast with results reported 
for example by Elliott (1986) who stated that the distribution of OC in aggregate 
fractions is primarily controlled by the amount of soil present in that fraction. 
Del Galdo et al. (2003), however, obtained similar results to ours as they 
reported that the amount of C present in the 53-250 µm soil fraction was 38% 
lower in a cultivated grassland soil compared to a native grassland, while the 
DM proportion of this soil fraction did not differ between both. Furthermore, Six 
et al. (2002a) concluded that C sequestration after afforestation occurred through 
a C stabilization within microaggregates whilst this increase did not appear to be 
promoted by a stimulation of microaggregate or macroaggregate formation.  
 
Angers & N’Dagayame (1991) reported increases in the silt+clay associated OC 
after 10 years of solid cattle manure application. In a study by Gerzabeck et al. 
(2001), silt (2-63 µm) and clay (0.1-2µm) size OC fractions exhibited clear 
responses to 42 years of different OM treatments. Christensen (1988) also 
measured increases in silt and clay sized fractions in soil after 61 years of 
fertilizer and manure application. The increases in both the %OC and the amount 
of OC present in the <53 µm fraction with increasing manure application 
resulted in additional OC in the mineral associated OC pool for both the 
Martonvásár and Keszthely sites. However, these increases were, relatively 
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speaking, much lower than the increases in the whole soil OC, which supports 
the hypothesis of preferential storage of OC in the POM fractions at the time 
scale of decades. Evidently, this then resulted in a lower proportion of the silt 
and clay associated OC, on the total OC. This implies that in arable soils which 
receive high OM inputs, relatively less OM is stabilized either by association 
with the silt + clay mineral fraction or by the inherent biochemical recalcitrance 
of the OM. The amount of C in the non-hydrolyzable OM of the <53 µm soil 
fraction followed a similar increasing trend with management. This result is 
opposed to the reasoning that the non-hydrolyzable silt+clay associated OM is a 
very stable OM pool which is hypothesized to be unaffected by management 
except at very long time-scales. Although several authors have separated such an 
OM fraction using hydrolysis techniques (for a review see Six et al., 2002b), we 
argue that the hydrolysis technique is not adequate to yield such a distinct OM 
pool which contains very old stabilized OM. Balesdent (1996) did not find any 
great differences in dynamics between the non-hydrolyzable and hydrolysable 
OC fraction and therefore also questioned the relationship between 
biodegradability and hydrolyzability. More powerful analytical tools, such as 
analytical pyrolysis combined with mass spectrometry or 13C-NMR spectroscopy 
for example, may be needed to characterize the silt+clay associated OM fraction. 
 
Considering the conceptual model of Six et al. (2002b) which defines an 
“unprotected” SOC pool to be constituted by the C in the coarse fPOM and the 
fine fPOM, there was clearly a large influence of management on the amount of 
“unprotected” OC. This model also defines a “physically” protected SOC pool as 
the C in the iPOM, which was affected by management to a lesser extent than 
the “unprotected pool” at the Martonvásár site and to an equal extent at the 
Keszthely site. Increases in the silt + clay size fraction associated OC, which is 
hypothesized to constitute a “(bio-)chemically protected pool”, with manure and 
fertilizer treatment was, relatively speaking, much smaller than for the other two 




the relative difference between the control treatment and the manure and 
fertilizer treatments. The difference in the responsivity of these conceptual pools 
resulted in a shift in the proportion of the whole soil OC towards relatively more 
labile OC with increasing OM input.   
 
Table 4.6 Total amount of OC present (g C 100 g-1 DS) in the conceptual pools 
of the model of Six et al. (2002) and the relative differences (in %) with the 
control treatment (in brackets) 
Treatment Coarse fPOM + fine fPOM (unprotected) 
iPOM 
(physically protected) 




Martonvásár    
M1 0.083 0.090 1.384 
M2 0.103 (23.8) 0.101 (12.3) 1.360 (-1.7) 
M3 0.252 (202.8) 0.151 (67.4) 1.550 (12.0) 
M4 0.277 (232.0) 0.163 (80.7) 1.565 (13.1) 
Keszthely    
K1 0.087 0.064 0.719 
K2 0.134 (53.0) 0.124 (92.9) 0.733 (1.9) 
K3 0.104 (19.4) 0.118 (83.9) 0.761 (5.8) 





Manure and fertilizer application can increase the amount of OC present in free 
POM, occluded POM and mineral associated OM at the time scale of several 
decades. Differences in the relative increases of the OC present in different soil 
fractions lead to a shift in the relative distribution of the bulk soil OC in these 
fractions. Based on fractionation results of two long-term arable field 
experiments, it can be concluded from this study that at the time scale of decades 
manure and fertilizer application result in relatively more labile OC present in 
the soil compared to an unfertilized control treatment. A consequence of the 
measurability of these changes at this time scale is that it may be possible to use 
such experimental data for the development and calibration of SOC models with 
 -84-
_______________________________Physical Fractionation of SOM 
conceptual OC pools which correspond to existing physical fractions. The 
theoretical model suggested by Six et al. (2002b), used in this study, may qualify 
as such a model. However, chemical fractionation of the silt + clay associated 
OC by a simple hydrolysis technique seems to be unable to separate an inert 
SOC pool, which is virtually unaffected by management, and alternative 








Chapter    5
ORGANIC C LEVELS OF INTENSIVELY MANAGED 
CROPLAND SOILS – LONG TERM REGIONAL TRENDS 
IN THE PROVINCE OF WEST-FLANDERS AND 
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Recently, several studies have suggested substantial losses of Soil Organic 
Carbon (SOC) in the plough layer of intensively managed cropland soils in 
Western-Europe, but these estimates are associated with very large uncertainties. 
Continuing from two past soil surveys (in 1952 and 1990) in cropland soils in 
West-Flanders (Belgium), we resampled 116 locations in 2003 and thus obtained 
three paired measurements of the OC stocks in these soils. Ten soils were 
selected for a detailed physical fractionation to obtain possible further 
explanations for SOC stock changes. The SOC stocks decreased at a rate of 0.19 
t OC ha-1 y-1 on average, which is significant but is still less then half the rate of 
SOC decrease estimated previously for the whole of Flanders, which includes 
the study area. SOC stocks or SOC stock losses could not be related to soil 
texture, changes in ploughing depth, or recent land-use changes. A good 
relationship, however, was found between the SOC losses and organic matter 
(OM) input. The results of the physical fractionation also suggested a 
predominant role of management on SOC stocks as no correlation could be 
found between soil texture and absolute amounts of OC present in the largest 
OM fractions, i.e. the OC in free POM (Particulate Organic Matter), and the silt 
and clay size fraction associated OC. The proportion of OC in free POM was 
considerable (up to 40% of the total OC), which confirms the impact of 
management on SOC and which also indicates that a substantial part of the SOC 
still present may be further lost at a time scale of years to decades in these 













Several large scale studies have indicated declining Soil Organic Carbon (SOC) 
stocks in intensively managed cropland soils in Western Europe during the last 
few decades (Vleeshouwers & Verhagen, 2002; Sleutel et al., 2003c; Beyer et 
al., 2004). Organic carbon (OC) levels in the Ap horizon are determined by an 
equilibrium between the annual input of crop residues and other organic matter 
on one side, and the annual rates of decomposition on the other. This theory of 
steady-state is well supported by long-term experiments showing that a relative 
constancy of environmental and agricultural conditions over decades leads to 
relatively constant levels of OM in the Ap horizons (e.g. Körschens et al., 1998). 
This SOC balance of cropland soils in Europe may very well be predominantly 
dependent on management. However, no clear reasons could be found for these 
SOC stock decreases: possible explanations included a shift towards negative 
OM balances due to changes in management (e.g. a decreased application of 
animal manure, higher harvest indexes) as well as the continued loss of OC 
inherited from past land-use changes such as the conversion of pastures to 
cropland. As opposed to these results, other studies reported increases of the 
topsoil SOC stock in intensively managed cropland soils (Van Meirvenne et al., 
1996; Nieder & Richter, 2000) and in both of these cases the SOC stock increase 
was accompanied by a deepening of the ploughing depth by about 10 cm and by 
a very large increase in the use of mineral or animal fertilizers over a time period 
of several decades.  
 
Within the frame of the National Soil Survey, our department sampled more than 
2200 locations in agricultural fields between 1947 and 1962, and full profile 
descriptions were made, including measurement of SOC. Between 1989 and 
1994, Van Meirvenne et al. (1996) revisited 939 of these locations and 
resampled the plough layer. The present study builds on these previous studies 
by investigating the changes in OC stock in 116 of these locations. This study 




Flemish cropland soils during the 1990ies found by Sleutel et al. (2003c), using 
an independent SOC dataset.  
 
Many authors have stressed that only a “decomposable” pool of SOM, 
amounting to about 10-40% of the total OM, is likely to be influenced by 
management at the time scale of years to decades (Körschens et al., 1998; von 
Lützow et al., 2002; Carter et al., 2003). Recent studies have designated the OM 
associated with the clay + silt particles, POM residing in stable aggregates and 
the free POM to be functionally different OM pools. We used a physical 
fractionation methodology close to the one proposed by Six et al. (2000) to 
characterize the distribution of SOM over these fractions on a selection of the 
samples taken during this new survey, and to quantify the proportion of the labile 
OM fraction in these intensively managed cropland soils. It has been suggested 
that under the variable conditions of practical agriculture, no or very weak 
relationships can be expected between texture and SOC levels (Müller & Höper, 
2004), and we therefore also aimed at further revealing the relative importance of 
texture and management on the SOC levels in these soils using this physical 
fractionation. 
 
5.2 MATERIALS AND METHODS 
 
5.2.1 Soil survey and soils 
 
The study area covered a large part of the province of West-Flanders (50°47’-
51°20’N, 2°35’-3°28’W; 3164 km2) in Belgium. In 2003 and 2004, we revisited 
116 of the sites (distributed over 14 comunities) which had been sampled in the 
1947-1962 period in the frame of the National Soil Survey and once more 
between 1989 and 1994 by Van Meirvenne et al. (1996). Only fields which had 
been permanently managed as croplands since the time of the National Soil 
Survey were included. The same sampling procedure as adopted by Van 
Meirvenne et al. (1996) was used to enable correct comparison with past 
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observations. Five soil samples were taken by means of an auger (Ø 2.5 cm) 
within a radius of 4 m, at the same locations that were sampled previously, and 
these samples were bulked and mixed per location. The OC content in the bulked 
and mixed samples was measured using the Walkey & Black method as was 
used by Van Meirvenne et al. (1996) and during the National Soil Survey. The 
depth of the plough layer was observed visually by inspecting soil color changes. 
Undisturbed soil cores (Ø 5 cm, H 5 cm) were taken on all fields that had not 
been ploughed recently to measure the bulk soil density at a depth of 10 cm. In 
this way 116 paired observations of the SOC stock in the plough layer, were 
obtained for three dates: 1952, 1990 and 2003 (these years are the median years 
of the sampling in the 1947-1962, the 1989-1994 and the 2003-2004 Surveys). 
The 116 samples represent a gradient in sand content starting from sand towards 
silt-loam and silty clay, and their distribution over the different Belgian soil 
textural symbols (given as an overlay over the USDA triangle), is designated in 
Fig. 5.1.  
 
Figure 5.1 Soil texture of the locations resampled during the 2003 Survey (.); 




5.2.2 Physical fractionation of selected samples 
 
Ten soil samples, out of the 116 resampled locations, representing a textural 
gradient in the area, were selected for a more detailed OM characterization using 
physical fractionation (Fig. 5.1). Table 5.1 gives the soil texture, plough layer 
SOC level, pHKCl, taxonomy (FAO classification) and recent crop rotation for 
these 10 sites, listed according to ascending silt plus clay content. The field moist 
soil was gently broken apart by hand and was passed through an 8 mm sieve to 
break down large macro-aggregates. The soil was then dried at 50°C.  
 
Three replicate 10 g sub samples were weighed for the physical fractionation 
procedure. To avoid possible slaking of micro-aggregates during wet sieving, the 
soil samples were pre-wetted according to the method used by Gale et al. (2000). 
The wet sieving method used, as described in Sleutel et al. (2005c) and in 4.2.2 
and App. II, was based on a procedure described by Six et al. (2000).  
 
5.2.3 Carbon analysis of the soil fractions 
 
Sub samples of fractions or entire fractions were analyzed for their total C 
content with a Variomax CNS-analyzer (Elementar Analysesysteme, Germany). 
Sub samples of 0.8 g were used for the silt+clay (<53 µm) sieving fraction. The 
silt+clay fraction obtained after dispersion of the 53-250 µm sized heavy fraction 
could not be analyzed for C content since it contained remains of the dispersion 
fluid, instead we assumed its composition not to be different from the silt+clay 
sieving fraction. The iPOM fraction + fine sand was analyzed as a whole (1.8-4.7 
g). The coarse fPOM fractions obtained from the 3 wet sieving replicates were 
bulked for the C analysis (0.3-0.8 g). None of the soils which were selected for 
the physical fractionation contained CaCO3, so total measured C equaled the OC 
content of fractions. 
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5.3 RESULTS & DISCUSSION 
 
5.3.1 Evolution of SOC content 
 
The average recorded ploughing depth for the 1990 Survey and the 2003 Survey 
was 31.9 cm and 30.8 cm respectively. Between both surveys, the average 
ploughing depth decreased by 1.12 cm on average (standard deviation 5.23 cm). 
Five of the 116 locations were excluded from this analysis because ploughing 
depth could not be accurately observed at these locations. A paired samples t-test 
on 111 samples demonstrated this difference to be significantly different from 
zero. However, as the error on the visual observations itself is at least about 3 
cm, such a small change in ploughing depth is practically meaningless. We 
therefore conclude that ploughing depth did not change since the 1990 survey. 
This is opposed to the significant increase of 9.8 cm which had occurred between 
1952 and 1990.  
 
The soil bulk density (BD) was measured in 84 samples (only those locations 
that were not recently ploughed) and was on average 1.48 g cm-3 (standard 
deviation 0.11 g cm-3). The soil bulk density had increased by 0.074 g cm-3 on 
average (standard deviation 0.116 g cm-3) compared to the average BD recorded 
in the first Survey in 1952 (Van Meirvenne et al. (1996) used the BD as recorded 
during the first Survey in 1952). The increase in BD was also significant (P = 
0.05) as was demonstrated by a paired samples t-test. When the differences in 
soil BD were analyzed per soil textural class (Belgian classification, see Table 
5.2), the changes were only significant for the E ((clay)-loam) and L (silt loam) 
textural symbols. We see no reasons to assume that this increase in BD had 
occurred between 1990 and 2003, but rather between 1952 and 1990, and 
therefore the 1990 SOC stock for these E and L textural classes, reported by Van 
Meirvenne et al. (1996) was recalculated using the 2003 BD. The average 
recalculated BD for all 116 soils was 1.45 g cm-3 (Table 5.2). 
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Table 5.2 Average soil bulk density and ploughing depth, average difference 
between the plough layer SOC content in 1990 and 2003-2004 (∆SOC), and 











SOC stock change 2003-
1990b 
(t OC ha-1 y-1) 
Z - sand 1.37 32.8 -0.083 -0.31 
S - loamy sand 1.42 32.4 -0.061 -0.18 
P - sandy loam 1.47 33.6 -0.078 -0.30 
L – silt loam 1.50 32.0 -0.072 -0.18 
A – silt/(silt loam) 1.43 29.8 -0.150 -0.49 
E – (clay) loam 1.48 30.4 0.085 0.21 
U - (sandy/silty) clay 1.20 30.4 0.086 0.20 
 
Whole dataset 1.45 31.9c -0.041 -0.19 
a textural symbol (Belgian soil classification system) –  best corresponding 
USDA soil classes 
b paired samples of the SOC stock in the plough layer 
c average ploughing depth of 2003 assumed to be the one in 1990 
 
 
Since paired samples of the SOC stock for all three dates were available (Fig. 
5.2), a paired samples t-test could be carried out between the 1990 and the 2003 
surveys. The mean difference between the 2003 and the 1990 surveys was 
significant (P = 0.05) and amounted -2.52 t OC ha-1 for all soils, which 
represents a yearly loss of -0.19 t OC ha-1 y-1. T-tests showed no significant 
losses for any of the individual textural symbols (Table 5.2). This loss of SOC 
since 1990 was lower than the earlier reported loss of -0.48 t OC ha-1 y-1 for the 
whole of Flanders (Sleutel et al., 2003c). However this study does confirm the 
hypothesis that a trend of an increase in SOC stocks before the 1990s was 






Figure 5.2 Average SOC stock in the plough layer of the 1952, 1990 and the 
2003 surveys for each one of the 7 soil textural classes considered (Belgian 
classification - best corresponding USDA class (see also App. 1): Z - sand; S - 
loamy sand; P - sandy loam; L - silt loam; A - silt/(silt loam); E - (clay) loam; U 
- (sandy/silty) clay) 
 
 
Several possible explanations can be considered for the loss of SOC from these 
intensively managed cropland soils:  
1° A stimulated OM decomposition may be the result of more intensive tillage 
and fertilization. In arable soils in Schleswig-Holstein (North-west Germany) 
nearly 30% of the total organic C (TOC) stored in former times in the soil has 
been mineralized in the last 20 years (Beyer et al., 1999). These authors 
hypothesized that the rate of SOM decomposition had increased because of 
better aeration due to deeper tillage operations and due to a high fertilizer supply. 
As no recent increases in ploughing depth, nor in fertilization occurred (Sleutel 
et al., 2003), this cannot be a valid explanation for our observations. 
2° The inherited continued loss of OC from past land-use changes such as the 
conversion of pastures to cropland, such as was reported by Milne et al. (2002) 
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for the United Kingdom, can not explain the decrease either, since all fields had 
remained croplands since the first survey in 1952 at least. 
3° Since the average yearly air temperature has increased by +0.6 °C between 
1980 and 2000 (based on the moving average for 30 years for the Ukkel climatic 
station of the National Climatic Institute), climate change may be one factor 
responsible for the SOC losses. A rough approximation of the effect of global 
warming on SOC stocks can be obtained using the Q10 factor of OM 
decomposition which is generally accepted to be 2 on average (Kätterer et al., 
1998). A 0.6°C temperature increase would thus result in an increase in the C 
mineralization rate by a factor r = Q10(∆T), i.e. 1.04. Assuming a mineralization 
rate of 2% and an average topsoil SOC stock of 58 t OC ha-1 in 1990, the 
increase of the mineralization rate by 4% implies an extra yearly mineralization 
of some 0.05 t OC ha-1 y-1. This rough calculation demonstrates that recent 
climate changes could only partly explain the totality of losses observed since 
the 1990 Survey.   
4° In agroecosystems, one of the major factors that regulate OM content in soil 
is OM input from manure applications and crop residues. Long-term applications 
of animal manure increase SOM in two ways: by adding OM contained in the 
manure and by increased OM in crop residues due to higher crop yields in soils 
receiving manure. To investigate whether the OM input was of major influence 
on the observed OC stock change, the amount of effective OC (OCeff) from 
incorporated plant residues and animal manure, defined as the fraction of OC 
from added OM that is still present in the soil after one year, was calculated. The 
difference in average OCeff input per ha cropland between 2002 and 1990 was 
calculated at the community scale as this was the finest scale at which data of 
crop surfaces and animal numbers were available for the study area (data not 
shown). Average application rates of the OCeff input were calculated using 
animal numbers and crop surface data (NIS, 1990; 2002) and for the annual 
production of OCeff per animal and OCeff input rates per hectare of different crops 




assumed to be incorporated in 1990, but for 2002 the actual proportion of 
manure applied to agricultural land was based on figures obtained from the 
Flemish Land Agency (VLM, 2004). Differences in the yearly amount of OCeff 
applied per ha cropland between 2002 and 1990 varied between -0.78 and +0.12 
t OCeff ha-1 y-1. The average rate of change per community of the SOC stock 
(∆SOC) in the plough layer between 2003 and 1990 varied between -1.01 and 
+0.34 t OC ha-1 y-1. There was a significant (P = 0.05) positive relation between 
the changes in the average OCeff input (∆OCeff) and ∆SOC: ∆SOC = 0.88  
∆OCeff + 0.06, which suggests that the observed SOC stock changes were 
primarily related to shifts in management (Fig. 5.3). The relation was not very 
strong (R2 = 0.37), but that may well be attributed to the limited amount of 
samples per community compared to the variability of both SOC stock changes 




Figure 5.3 Relation between the difference in the average annual input of 
effective OC between 1990 and 2002 (∆OCeff input) per community and the 
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Observations throughout the literature are that, under identical annual OM input, 
a slower OM turnover, a larger microbial biomass and more OM are expected in 
soils with a high clay content compared to soils with low clay content within the 
same climatic area (Müller & Höper, 2004). As a consequence, firstly, soils with 
higher levels of clay and silt tend to have higher levels of OC, and secondly, it is 
more difficult to raise the OC level in sands than in finer textured soils (Springob 
& Kirchmann, 2002). For the 116 paired samples in this study, there was no 
correlation (Pearson correlation coefficient (R) = -0.096) between the plough 
layer SOC stock in the 2003 survey and the soil clay content. There was no 
correlation either (R = 0.00) between the soil clay content and ∆SOC. The 
negative R value between clay content and the plough layer SOC stock in the 
2003 survey shows that other factors may better describe the capacity of soils to 
protect OM. This supports the assumption that management of crop residues and 
organic fertilizers exerts a predominant influence on the OM balance of these 
intensively managed cropland soils. These results also corroborate earlier studies 
made by Percival et al. (2000) and Müller & Höper (2004), who found that clay 
content explained little of the variation in SOC of cropland and grassland soils. 
 
5.3.2 Physical Fractionation 
 
The absolute amounts of OC present in the isolated size and density fractions 
(expressed as g C 100 g-1 soil) are given in Table 5.3. Recoveries of the whole 
soil OC ranged between 81 and 113%.  
 
Pearson correlation coefficients were calculated between the absolute amount of 
OC present in the isolated OM fractions (coarse fPOM, fine fPOM, iPOM and 







Table 5.3 Amount of OC present in the size and density fractions (g C 100g-1 
soil) obtained by the physical fractionation 
Microaggregates + fine fPOM + fine sand 
(53-250 µm) 
Heavy fraction Site 
Coarse sand + 
coarse fPOM
(>250 µm) Light fraction- fine fPOM >53 µm <53 µm 
Silt + clay 
(<53 µm) 
B2 0.25 0.30 0.12 0.33 0.87 
S1 0.16 0.07 0.11 0.09 0.35 
L5 0.20 0.12 0.09 0.11 0.21 
B7 0.50 0.26 0.14 0.13 1.11 
V1 0.07 0.13 0.18 0.11 0.28 
HL6 0.14 0.05 0.07 0.37 0.38 
HL1 0.16 0.03 0.15 0.17 0.48 
S2 0.11 0.07 0.18 0.17 0.92 
Z5 0.16 0.07 0.45 0.24 0.49 
V10 0.04 0.13 0.09 0.39 0.57 
 
 
Table 5.4 Pearson correlation coefficients (R) of OC in the size and density 
fractions (g C 100 g-1 soil), the whole soil OC content and the clay and silt 
content 
 Total OC OC in free POMa OC in iPOM Silt + clay associated OC 
Clay content -0.334 -0.608* -0.024 -0.116 
Silt content   0.085 -0.404     0.720**  0.124 
Silt+Clay content -0.263 -0.453 0.426 -0.251 
Total OC      0.770** 0.187    0.924**
OC in free POM   -0.110  0.556*
OC in iPOM    0.007 
* correlation is significant with P = 0.1 (2-tailed) 
**correlation is significant with P = 0.05 (2-tailed) 




As for the whole dataset, there was no positive correlation between the SOC 
content and the clay or silt content for the 10 soils that were selected for the 
physical fractionation, and the R was even negative. Two of the soils, namely B2 
and B7 had extremely high SOC contents given their sandy texture (Table 5.3), 
causing this slightly negative correlation. As these soils also had very high SOC 
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contents in the 1952 and 1990 surveys (data not shown), and as at least since 
1952 they have been managed as croplands, we have to consider the presence of 
a substantial amount of recalcitrant OM in these sandy soils. In a study of 
Springob & Kirchmann (2002) the OC in the OM fraction remaining after a 6M 
HCl treatment accounted for 50 to 90% of the whole soil OC in 23 soil samples 
taken from the Ap horizon of sandy-textured soils in Germany with SOC levels 
ranging from 1 to 5 %OC. They concluded that old sandy Ap horizons may have 
high levels of very stable (refractory) constituents. The higher stability of the 
organic matter present in these soils may be explained by specific types of earlier 
land use, e.g. heathland and the use of plaggen manure over centuries, which was 
practised in Northwest Europe from Schleswig-Holstein to Belgium. Both B2 
and B7 samples originate from the same region, located in the North-East of the 
study area (Beernem), where this land-use system was indeed omnipresent in the 
past. Hence, the assumption that C mineralization is faster in coarse textured 
soils (Nieder & Richter, 2000) because the sand fraction of SOM is more labile 
than clay and silt-associated organic compounds, seems to be not always valid. 
 
The OC present in the iPOM fraction represented between 7 and 32 % of the 
bulk soil OC. Denef et al. (2004) used the fractionation method by Six et al. 
(2000), which is very similar to the fractionation procedure used in this study, 
and found 14 to 50 % of the total SOC to be present as iPOM in no-till cropland 
soils, which is in agreement with our results. Of all three isolated OM pools (free 
POM, iPOM and silt and clay sized OM), only the absolute amount of OC in the 
iPOM was positively related to the silt and the silt+clay content and this relation 
was significant for the silt content (Table 5.4). The proportion of the OC in the 







Figure 5.4 Relation between the relative proportion of OC in the iPOM (53-




A positive relation with the silt content is obvious for this OM fraction as more 
micro-aggregation is expected in finer soil textures, and iPOM by definition is 
the POM fraction in these microaggregates. As the iPOM is believed to 
constitute a physically protected SOM pool with an intermediate turnover (Six et 
al., 2002b), i.e. at a time scale of decades, we expect only a limited explanation 
of the variation in the plough layer SOC level by this variation in iPOM. There 
was indeed practically no correlation between the amount of OC in iPOM and 
the whole soil OC (Table 5.4).  
 
The coarse fPOM and the fine fPOM fractions are considered to be equal in 
composition and constitute the “unprotected” SOM pool according to the 
conceptual model of Six et al. (2002b). Both free POM fractions have often been 
suggested to be good indicators for labile organic matter (e.g. Balesdent, 1996; 
Carter et al., 2003) and are expected to be very sensitive to management (Chan, 
2001; Six et al., 2002b). The positive correlation with the whole soil OC content 
 -102- 
___________________________Soil survey of West-Flemish croplands 
 
(Table 5.4) indeed indicates that total SOC content is determined to a substantial 
extent by management in these soils. The amount of C present in the two free 
POM pools constituted between 16 and 44 % of the whole soil OC, which is 
considerable. Carter et al. (2003) separated a POM fraction after mechanical 
dispersion of the whole soil and thereafter a light fraction using density 
separation from 14 different cropland soils in Canada and the OC present in 
these two OM fractions combined constituted up to 44% of the whole soil OC. 
Results for all 10 sites correspond with these results. Köbl & Kögel-Knabner 
(2004), however, found the proportion of these fractions to vary between 2.5 and 
13.4% only of the bulk soil OC for sandy to loamy soils. Sleutel et al. (2005c) 
found free POM proportions between 5-14% for 8 silty soils from Hungary. 
Compared to these last two studies, the contribution of the OC present in the free 
POM fractions of some of the soils in this study is very large. The highest 
proportions of free POM were found in the L5, S1, B2 and the B7 soils. These 
are the lightest textured soils included in this study and they contain very little 
clay (5%, 2%, 0% and 0% respectively), which may at least partly explain the 
very high relative amounts of free POM in these samples. A significant negative 
linear relationship existed between the relative proportion of the OC in the free 
POM fractions and the silt and clay content, as shown in Fig. 5.5.  
 
Körschens et al. (1998) also stated that the absolute content of decomposable OC 
is lower in sandy soils, but that it is larger as a proportion of the whole soil OC. 
Beyer et al. (1999) found that fields with a lower SOM level had a higher 
relative level of litter compounds in the composition of their SOM. The L5 soil 
had a low OC content (0.79 % OC), so relatively speaking the OM inputs 
represent a larger proportion compared to the SOC stock already present in the 
soil. This could indeed further explain the high proportion of OC in the free 
POM in the L5 soil. The range of free POM in the 10 soils investigated here (16 





Figure 5.5 Relation between the relative proportion of OC in the free coarse 
POM (>250 µm) and the fine inter-microaggregate POM (53-250 µm) on the 
whole soil OC and the silt + clay percentage of the 10 fractionated soils 
 
 
SOM, which ranges from 10 to 40% of the total SOM (Körschens et al., 1998; 
von Lützow et al., 2002; Carter et al., 2003), and which is expected to be 
influenced by management at the time scale of years to decades. Both coarse 
fPOM, fine fPOM and the iPOM combined contained between 22 and 56 % of 
the whole soil OC, which is considerable but as a comparison, Chan (2001) 
reported all POC made up 42-74% of TOC in samples from Australian cropland 
and pasture soils which is even higher than the proportions found in this study. 
   
In this study, the absolute amount of OC in the silt and clay sized fraction was 
not correlated to silt or clay percentage or the sum of both (Table 5.4), which 
contradicts findings of a literature review by Six et al. (2002), who performed 
regressions between the OC content associated with silt and clay particles (<50 
µm) and the proportion of silt and clay particles in cropland soils: g silt + clay C 
kg -1 soil = 7.18 + 0.2 % particles <50 µm. They found, as others did, that the 
 -104- 
___________________________Soil survey of West-Flemish croplands 
 
capacity of a soil to preserve organic carbon by its association with clay and fine 
silt particles is linearly related to the clay and silt content of the soil. The lack of 
such a relation for the soils investigated here may indicate that management also 
exerts a predominant effect on the silt+clay sized OM fraction in these soils. 
However, this hypothesis is admitatively speculative and there is a general 
consensus that the silt and clay associated OM fraction is stabilized and is 
thereby relatively insensitive to management. As only 10 soils were included, a 
more elaborate physical fractionation study would be needed to defend this 
hypothesis. Other possible explanations for the lack of such a relationship have 
been suggested previously, that soil properties other than the silt and clay content 
determine SOC content, such as the soil specific area or the Fe- and Al-oxide 
content. Wiseman & Püttmann (2004) concluded that the relationship between 
the soil specific surface area, which is closely related to clay and fine silt content, 
and OC has been overemphasized in literature. The adsorption of organic 
compounds, which results in chemical stabilization of OM, is largely limited to 
certain mineral surfaces, namely to oxides (Wiseman & Püttmann, 2004) and to 
a lesser extent to smectites as well (Wattel-Koekoek et al., 2003). Consequently, 
the clay mineral composition of a soil may strongly determine the strength of the 
relationship between clay content and OM, and such a relationship may be 
restricted to certain soils. Most of the soils included in this study had lower 
amounts of OC in the silt and clay sized soil fraction than the amount predicted 
by the linear relation that was calculated by Six et al. (2002b), and this deficit 
tended to become larger with increasing silt + clay content. This once more 
could show the relatively modest impact of soil texture on the SOC present in the 
soils of this study area. On a relative basis, the proportion of the OC in the silt 
and clay sized soil fraction mildly increased with increasing silt plus clay content 






Figure 5.6 Relation between the relative proportion of OC in the silt and clay 





The recent decreasing trends of plough layer SOC stocks in intensively managed 
cropland soils of West-Europe reported earlier was confirmed by this study. The 
absence of a good relationship between SOC stocks or SOC stock changes with 
soil texture for all sampled soils indicates that in these very intensively managed 
cropland soils texture may have a limited role in SOC dynamics. As such, the 
role of other factors such as historical land use and the presence of oxides may 
have been underestimated in previous studies. A good linear relationship 
between shifts in input of OM and OC stock changes at the community scale 
suggests a predominant influence of management on the SOC stocks. The 
presence of relatively large amounts of free POC and the strong correlation of 
this OC fraction with the whole soil OC support this hypothesis. Up to 40 % of 
the OM in such intensively managed soils is likely to be decomposable at a time 
scale of years to decades and therefore a substantial part of the SOC is prone to 




Chapter    6
REGIONAL SIMULATION OF LONG-TERM ORGANIC 
CARBON STOCK CHANGES IN CROPLAND SOILS 
USING THE DNDC MODEL: 










Modified  from: 
 
 Sleutel S., De Neve S., Beheydt D., Li C. & Hofman G. (2005) Regional 
simulation of long-term organic carbon stock changes in cropland soils using 






Because of the large spatial and temporal variability of Soil Organic Carbon 
(SOC) dynamics, a modelling approach is crucial in detailed regional analyses. 
Several estimates of regional scale SOC sequestration potential have been made 
using dynamic Soil Organic Matter (SOM) models which have been linked to 
spatial databases contained within a Geographic Information System. In all of 
these previous studies a large scale model validation, which provides 
information on the general model performance for the study area under concern 
was impossible due to a lack of data availability. For Flanders, the Northern half 
of Belgium, a dataset of over 190000 SOC measurements, grouped as means per 
community covering the 1989-2000 period, is available. In order to validate 
DNDC on a very large scale, we used this set along with detailed pH, soil texture 
and cropping surface data, which were all available at the municipality scale, to 
simulate SOC stocks for the entire study area during the 1990-2000 period. A 
minor adjustment of the initial distribution of SOC in DNDC’s SOC pools was 
necessary to fit the simulated SOC stock changes to the measured decrease of -
475 kg OC ha-1 y-1 (0 - 30 cm). Although DNDC was able to simulate the SOC 
stock changes very well when regarding the study area as a whole, the simulated 
decrease of the SOC stocks was overestimated for communities predominantly 
having sandy textures and underestimated for communities with silt loam to silt 
textures. This study also points out the caution with which SOM models should 
be applied at regional scales after a limited validation or calibration at the field 
scale as these do not guarantee a good simulation of spatial variation of SOC 
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6.1 INTRODUCTION 
 
By the ratification of the Kyoto Protocol, Europe has committed itself to an 8% 
reduction of CO2 emissions compared to baseline levels (1990) during the first 
commitment period (2008-2012). Article 3.4 (“Land Use, Land Use Change and 
Forestry” activities related to agriculture and forestry) allows carbon emissions 
to be offset by demonstrable removal of carbon from the atmosphere by 
improved management of agricultural soils. Participating countries may choose 
which additional human-induced activities, related to changes in greenhouse gas 
emissions and removals from agricultural soils, are to be accounted for, provided 
that they have taken place since 1990. In order for governments to be able to 
select and implement the most effective policies regarding alternative arable land 
management, precise quantifications of their regional mitigation potential are 
required.  
 
Ecosystem productivity as well as organic matter decomposition are strongly 
determined by environmental conditions. Weather, soil type and past land 
management have a direct effect on the carbon sequestering potential (Freibauer 
et al., 2004). The role of climatic variables in Soil Organic Carbon (SOC) 
dynamics has been widely recognized at small scales (Tan et al., 2004). Climatic 
conditions, especially temperature and rainfall exert a dominant influence on the 
amounts of organic carbon found in soils (Brady, 1990). Soil texture, drainage 
condition and slope gradient have been reported responsible for 51% of the 
topsoil SOC level variation in grassland and 54% in cropland soils (Burke et al., 
1989). The relationship between stabilization of OC in soils and clay or (silt + 
clay) content is understood to be the result of the chemical or physicochemical 
binding between Soil Organic Matter (SOM) and soil minerals, i.e. clay and silt 
particles (Six et al., 2002b) on one hand. On the other hand soil texture impacts 
SOM production and decomposition by controlling the soil water budget through 
its effects on soil hydrological properties (Schimel et al., 1994). Hassink & 




the extent to which the soil is already saturated with SOC (i.e. the size and 
capacity of the reservoir). Consequently, a soil’s carbon sequestration potential 
at a given time depends on the carbon stock present in that soil at that time.  
 
Next to management, of the above mentioned factors, soil texture, climate and 
SOC content have the largest influence on SOC dynamics, and they exhibit a 
strong spatial variability. Detailed calculations taking into account these 
variations in soil parameters, climate and management are thus needed to 
improve estimates of soil C sequestration. Numerous national and larger scaled 
studies of the carbon sequestration potential of different agricultural management 
options have been published in recent years, e.g. Kern & Johnson (1993), Smith 
et al. (2000b; 2000c), Desjardins et al. (2001), Arrouays et al. (2002), but none 
of these studies have taken into account any of the above mentioned factors. 
Since SOC storage is controlled by this variety of biogeophysical, climatic, and 
management factors, dynamic SOM models (e.g. Roth-C, CENTURY and 
DNDC) which integrate the main mechanisms governing SOC turnover are the 
most suitable tools for predicting changes (Paustian et al., 1997b). Furthermore, 
increases in soil carbon are finite with systems tending towards new equilibria 
after 50-100 years, whereby carbon accumulation slows and eventually stops 
(Smith et al., 1997). Contrary to simple regression based calculation approaches, 
dynamic SOM models are not limited in their ability to predict long-term SOC 
dynamics in such a changing environment. Falloon et al. (2002) made a 
comparison between the use of linear regressions based on long-term 
experimental data and the use of dynamic SOM models which are linked to 
spatial databases for estimating the C sequestration potential at a regional scale. 
In their case study for a large part of Hungary, both methods yielded different 
results, although they were largely within the same order of magnitude. 
However, the main benefits of a model based approach are that it allows current 
regional estimates of C sequestration to be refined, to analyse the sensitivity of 
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particular combinations of model inputs and soil management and to provide a 
measure of uncertainty on simulation results.  
 
Our aim was to simulate one decade SOC stock changes in cropland soils for 
Flanders, the Northern part of Belgium. In all previous regional or large scale 
modelling studies the adopted models were at best calibrated or validated to a 
very limited number of local field experiments when compared to the size of the 
area which was being studied (e.g. Hungary: Falloon et al., 1998; China: Li et 
al., 2003; Canada: Smith et al., 2000c). This paper reports results from a 
regionally scaled model validation (DNDC model) of SOC stock evolution 
during the 1990-2000 period in cropland soils for the entire study area. First, 
DNDC was calibrated using data from two medium-term field experiments after 
adjustment of crop and soil parameters to local conditions. Secondly, validation 
was done on a large scale using high resolution, detailed spatial datasets of crop 
acreages, soil parameters, climatic measurements and a unique massive dataset 




6.2.1 Calibration to field experiments 
 
A model’s simulation of future events cannot be compared to verify its validity, 
it is however possible to get some measure of performance by testing a model’s 
ability to simulate long-term SOC stock changes using existing datasets (Smith 
et al., 1997). Therefore data from two medium-term arable field experiments on 
organic matter amendments in Belgium, namely at Juprelle (Hofman & Van 
Ruymbeke, 1980) and at Gembloux (Droeven et al., 1980; Frankinet et al., 1993) 
were selected to calibrate the  DNDC 8.1 model to local conditions. Data from 
the field experiment at Gembloux has already been used previously for 
validation of the VanDerLinden-model (Van Der Linden et al., 1987). They 




Bachthaler (1978) for the use of field experiments in agricultural research. The 
other field experiment at Juprelle meets these requirements as well, except for 
the second year of the experiment, when only a limited number of soil samples 
were taken per plot. At both locations crop yields, mineral N inputs and dry 
matter (DM) inputs were recorded every year in every treatment. In both 
experiments mineral fertilizers were applied to obtain near optimum yields, and 
those applications were adjusted to take into account the effects on the soil 
nutrients of each organic matter application (see further). For instance the 
incorporation of straw in the soil required an additional nitrogen application, 
while the application of farmyard manure obviously led to a reduction of the 
NPK requirements as compared to the mineral fertilizer only treatment.  
 
The arable field experiment at Juprelle, which was set up and monitored by our 
department during the 1961-1974 period, consisted of three different OM 
treatments: 1° MIN-N: no OM additions + export of all above ground harvest 
residues; 2° FYM+GM: 30 t farmyard manure (FYM) every 3 years after harvest 
of winter barley and before sowing of Italian ray grass as a green manure (GM), 
export of all above ground harvest residues; 3° HR+GM: incorporation of all 
harvest residues (HR) (winter wheat and winter barley: cereal straw, sugarbeets: 
tops and leaves) and incorporation of a green manure every 3 years. The 
measured ploughing depth of 26.5 cm, mean bulk density of 1.41 g cm-3 and 
pHKCl of 7.2 were set as the initial conditions in DNDC.  
 
The long-term field experiment at Gembloux, which was established on a deep 
fertile silt-loam soil in 1958 by the Station de Phytotechnie de Gembloux, 
initially had a 4-year crop rotation (sugar beet followed by 3 years cereals or 2 
years cereals and one year horse beans) till 1975. From then on a 3-year rotation 
(sugar beet followed by 2 years cereals or one year cereals and one year horse 
beans). Four OM treatments were included in this calibration: 1° MIN-N: no OM 
additions + export of all above ground harvest residues; 2° FYM: 40 t farmyard 
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manure ploughed in every rotation before sowing of sugar beet, export of all 
above ground harvest residues; 3° STR: incorporation of all cereal straw, 
removal of all other above ground harvest residues; 4° HR+GM: incorporation 
of all harvest residues and 1 green manure crop per rotation. The sampling depth 
of 20 cm, mean bulk density of 1.41 g cm-3 and pHKCl of 6.5 were set as the 
initial conditions in DNDC.  
 
OC inputs from above ground crop residues and roots are determined by the 
crop-growth sub-module of DNDC. The DNDC crop parameter “optimal dry 
matter yield” for each crop individually was adjusted so that simulated yields 
matched the measured yields for the MIN-N treatments in both field 
experiments. Crop specific C:N-ratios and the distribution of OC between 
shoots, roots and harvested parts were adjusted based on measurements made in 
the Juprelle field experiment. Table 6.1 summarizes the OC inputs from crop 
parts and manure application for each individual treatment. Analogous to a SOC 
simulation study for various long-term field experiments with DNDC carried out 
by Li et al. (1997), the initial SOC stock at the beginning of each experiment was 
partitioned into DNDC’s SOC pools using the default coefficients (litter = 8%; 
microbial biomass + active humus = 12%; passive humus = 80%).  
 
Table 6.1 Yearly average OC inputs for the different OM treatments of the 
Juprelle and Gembloux field experiments 
Average OC input (kg OC ha-1 y-1) 






Juprelle MIN-N 400 750 0 0 1150 
 FYM+GM 455 720 1000 510 2685 
 HR+GM 1720 740 0 525 2985 
       
Gembloux MIN-N 360 800 0 0 1160 
 FYM 360 800 1190 0 2350 
 STR 1005 800 0 0 1805 





6.2.2 Study area of the regional validation 
 
The study area for the regional simulation comprised all cropland soils in the 
federal region of Flanders, the Northern part of Belgium, i.e. a total area of some 
412500 ha. The term cropland in this paper is used to refer to all fields used for 
production of arable crops, field vegetables and temporary pastures (i.e. mostly 
Italian ray grass mixtures which are kept for no longer then 3 subsequent years). 
Due to the high spatial resolution of agricultural and soil information sources for 
this region a detailed modelling approach was possible. The 1990 baseline SOC 
stocks for this region and their recent evolution were estimated in a previous 
study using a linear regression approach (Sleutel et al., 2003c). 
 
6.2.3 Soil data for the regional validation 
 
For Belgium, a massive data set of SOC measurements is available, including 
6169 fully described geo-referenced soil profiles dating back to the National Soil 
Survey (1947-1962) and over 190000 topsoil (0-24 cm) measurements of SOC 
made during the period 1989-1999. This second data set is highly relevant to 
establish the 1990 SOC baseline as we have demonstrated previously (Sleutel et 
al., 2003c), and this baseline was used as the initial SOC level per municipality 
for DNDC in this large scaled validation.  
 
Besides SOC level, DNDC also uses clay content, soil bulk density and pHH2O as 
input variables on the community scale. Other soil physical variables needed to 
be defined for a limited number of soil groups to which each community was 
assigned. The Belgian soil classification system has 7 soil textural classes (see 
Sleutel et al., 2003c; App. I). A generalised soil map giving the dominant 
occurring Belgian soil textural class per community (Fig. 6.1) was created from a 
raster version of the digital soil map of Flanders (Sleutel et al., 2003c). Based on 
this generalized soil map weighted averages for clay and silt content and soil 
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bulk density were calculated for each of the 7 soil textural classes. Other soil 
physical parameters as inputs (Table 6.2) which are required by DNDC needed 
to be estimated using pedotransfer functions (PTF’s).  
 
Table 6.2 Soil physical parameters estimated by pedo-transfer functions and 
mean values of measured soil chemical parameters of the 7 distinguished soil 


















Z - sand 4.1 1.37 0.0609 0.211 1.92 5.37 
S - loamy sand 6.3 1.42 0.0289 0.271 1.63 5.35 
P - sandy loam 7.0 1.47 0.0128 0.309 1.42 6.22 
L - silt loam 11.0 1.44 0.0042 0.291 1.28 6.08 
A - silt/(silt loam) 12.4 1.43 0.0016 0.329 1.22 6.59 
E - (clay) loam 19.2 1.36 0.0092 0.314 1.59 7.45 
U - (sandy/silty) clay 28.5 1.26 0.0166 0.414 2.59 7.34 
a: textural symbol (Belgian soil classification system) –  best corresponding 
USDA soil classes 
b: saturated hydraulic conductivity 





Figure 6.1 Generalized soil map based on the dominant soil textural class per 





Cornelis et al. (2001) concluded that out of a selection of 9 PTF’s the set of 
PTF’s by Vereecken et al. (1989) ranked first for modelling common soil 
physical parameters for a range of 69 soils all originating from our study area. 
Soil moisture content at field capacity and at wilting point were therefore 
calculated using the PTF’s of Vereecken et al. (1989). For the SOC content 
which is required as an input for the PTF’s, we used the average value from the 
above described SOC dataset for each of the 7 textural groups. Average silt and 
clay contents per textural class were needed as other input variables for the 
PTF’s and were calculated as described above. Saturated hydraulic conductivity 
was estimated per textural class using the PTF by Campbell (1974).  
 
Soil pHKCl data from the Belgian Pedological Service were available as means 
and standard deviation at the municipality level for the 2000-2003 time period. 
These measurements were made on samples taken in cropland soils only till a 
depth of 24 cm (similar to the above described SOC measurements). However, 
DNDC requires pHH2O data as an input. From a linear regression analysis of the 
“Aardewerk dataset” (Van Orshoven et al., 1988), which contains complete soil 
profile descriptions dating back from the National Soil Classification, the 
following relationship between pHKCl and pHH2O was found based on 5198 pared 
topsoil measurements: pHH2O = 1.583 + 0.887 pHKCl (R2adj = 0.933), and was 
used to determine the pHH2O data needed for the simulation from the pHKCl 
dataset at the municipality level.  
 
6.2.4 Management and cropping data for the regional validation  
 
Yearly crop census figures are published yearly by the National Institute for 
Statistics (NIS, 1990). The 9 predominant crops, constituting 92.3% of the total 
cropland area, were included for this study. An average cropping surface for the 
considered time period (1990-2000) for each one of the crops was calculated 
based on their acreages in 1990, 1993, 1996 and 1999 (NIS, 1990; 1993; 1996; 
 -116- 
______________________Regional scale validation of the DNDC model 
1999) (Table 6.3). Average crop yields were estimated from NIS statistics (NIS, 
2000; 2001; 2002) and from crop variety field trials (Agris, 2003). Cropping 
dates, fertilizer application dates, plant N-uptake and plant C:N ratio’s were 
based on different sources (PCA, 1995; ALT, 2000; Legrand & Vanstallen, 
2000; Anonymous, 2002). The average yearly usage of nitrogen from animal 
manure amounted to 247 and 246 kg N ha-1 agricultural land in 1994 and 1998 
respectively (De Walle & Sevenster, 1998; Flemish Manure Bank, 2001). 
Mineral N-fertilizer application rates amounted to 86 and 78 kg N ha-1 
agricultural land. Using 1998 livestock numbers (Flemish Manure Bank, 2001), 
N-excretion norms and manure C:N-ratios, these manure applications were 
recalculated to OC additions. Based on the results of a farm survey conducted in 
the east of the study area (Provincial Agricultural Service of Limburg, 2004) 
12% of all animal manure applied was assumed to be solid manure, the rest 
being slurry. Manure and mineral fertilizer application rates per crop were 
distributed (Table 6.3) so that the average per ha application rate on all 
agricultural land equaled the actual N-application rates.  
 
A custom made crop “vegetables” was based on plant parameters and 
management (data taken from Ministry of Agriculture and Small Enterprises 
(2001)) of the 6 most frequently cropped vegetables in the study area by 
calculating weighted means according to their acreages. No past information was 
available on the use of green manures, it is however well known that in recent 
years there has been an expansion of the green manure acreage. The average 
green manure surface was set at 2/3 of the surface in 2001 which is estimated to 
be some 34 300 ha. Incorporation of green-manures was simulated as a single 
OM addition at the end of the winter. An average C:N-ratio and OC application 
rate was calculated based on the yields and properties of the 4 most frequently 
used green manures in the study area. Green manures were applied after winter 
barley, winter wheat, vegetables and potato, which are crops after which green 




Table 6.3 Crop surfaces, simulated crop yields and amounts of above ground 
harvest residues and yearly N input from mineral fertilizers and organic 
manure 






(kg N ha-1) 
Manure 
(kg N ha-1) 
fodderbeet 7552 11.3  2.5 0b 225 
maize (sillage) 109 506 18.2  0.9 20 230 
maize (grain) 18 260 9.2  8.2 20 230 
potato 38 993 9.3  1.7 90 140 
sugarbeet 37 109 12.5  2.9 85 90 
temporary pasture 47 665 9.2  - 70 340 
vegetables 22 758 2.2  2.3 180 180 
winter barley 16 974 6.6  1.2 125 30 
winter wheat 63 423 6.6  1.1 145 40 
a above-ground part not exported from the field 
b Mineral N fertilization rates were estimated so that the weighted average 
amount of mineral N applied equaled the reported yearly average amount of N 
applied (see text), therefore deviations from reality may be present for 
individual crops.  
 
 
6.2.5 Meteorological data for the regional validation 
 
Daily measurements of precipitation and minimum and maximum air 
temperature for the 1990-2000 period from 18 weather stations of the Royal 
Meteorological Institute have been used in the simulations (Fig. 6.1). Every 
individual community was assigned to the closest climatological station. The 
largest distance between a community’s centre and a weather station was 26 km 
which is sufficiently small to take into account spatial variation of these climatic 
parameters.  
 
6.2.6 Model runs 
 
The version of DNDC used for this study (DNDC 8.1) comprises an interface for 
regional scale modelling. All spatially different data were linked together using a 
GIS platform (Arcview 3.1) and were combined into ASCII files. Simulations 
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were done for 304 different communities in total over an 11 year time period. 
Per year separate model runs were done for each of the 9 crops for every 
community. For this time period every one of the different crops was regarded as 
a monoculture, i.e. the end situation of one simulation was taken as the input for 
the following year. This probably is the largest simplification of our modelling 
study. The sum of simulated SOC stocks for a number of monocultures was 
considered to be equal to results of a modelling approach which uses actual crop 
rotations. The validity of this assumption was tested to a limited extent by 
simulating equal areas of a number of crops under monoculture and within a 
crop rotation for three decades, and no appreciable differences between both 
occurred. The yearly SOC stock per ha was calculated by summing the total 
stocks for all crops and dividing them by the total cropland surface per 
community. A similar approach in which the SOC stock changes in a simulation 
unit are calculated as the weighted average of the SOC stock changes of the 
different crops present in that unit was also used by Vleeshouwers & Verhagen 
(2001) in a large scale modelling study for Europe. The DNDC crop parameter 
“Crop optimum yield” was adjusted for the 9 crops so that actual simulated 
yields matched the average reported yields for the study area (Table 6.3). 
 
6.3 RESULTS AND DISCUSSION 
 
6.3.1 Calibration to field experiments 
 
Simulation results were compared to actual SOC measurements for both the 
Juprelle field experiment (Fig. 6.2 a) and for the Gembloux field experiment 
(Fig. 6.2 b & c). The SOC measurements presented in Fig. 6.2 are means of 12 
and 5 replicates for the Juprelle and Gembloux sites respectively. For the latter 








Figure 6.2 Evolution of the predicted and measured topsoil SOC content for 
the three OM treatments at the Juprelle (a) and Gembloux (b & c) field trials 
(see text). MIN-N: mineral fertilizer; FYM: farmyard manure; FYM+GM: 
farmyard manure and green manure; HR+GM: harvest residues and green 
manure; STR: straw 
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The mineral fertilizer treatment (MIN-N) in Juprelle showed a decrease in the 
OC content of the arable layer (0-26.5 cm). Simulated SOC values corresponded 



















with Oi the measured OC stock for measurement i out of a total of n 
measurements,  Pi the carbon stock predicted by DNDC and Ō the mean of all 
Oi, yielded RME = -0.5%. The addition of 30 t ha-1 farmyard manure and 
incorporation of a green manure crop per rotation (FYM+GM) resulted in a 
strong increase of the SOC level by some 5% within the duration of the 
experiment. DNDC managed to simulate these SOC changes very well (RME = 
0.6%). Incorporation of all harvest residues and sowing of one green manure 
crop per rotation (HR+GM) led to a small increase of 1.5% in SOC levels which 
was also simulated very well (RME = 2.7%).  
 
For Gembloux the trends in SOC levels for both MIN-N (RME = 7.8%) and 
FYM (RME = 2.8%) treatments were reasonably well simulated, although 
DNDC failed to model the substantial yearly fluctuations of the SOC levels. 
Vanongeval et al. (1995) also tried to simulate the SOC stock evolution for this 
field experiment using the Roth-C model, but they were also unable to simulate 
these fluctuations. The STR and HR+GM treatments were poorly simulated 
(RME = 13.6% and 14.6% resp.): DNDC overestimated the SOC levels in both 
cases. Both treatments involve the incorporation of cereal straw, for which the 
simulated decomposition is apparently too slow. Based on its C:N-ratio, crop 
litter in DNDC is partitioned into three different SOC pools (very labile, labile 
and resistant residues) each having their own specific decomposition rate (Li et 




will largely be determined by its C:N-ratio. For the simulations in Gembloux 
where no C:N ratios of straw were available, measured C:N-ratios of the Juprelle 
field experiment were used, namely 89 for winter and spring wheat and 97 for 
winter barley. Simulation using the DNDC default C:N-ratio of 50 for cereal 
straw in both treatments yielded better results (RME = 9.1% and 9.3% for STR 
and HR+GM resp.) but DNDC still overestimated the increase in SOC.  
 
DNDC has been validated previously to other agricultural field experiments with 
climatological, soil and management conditions which are strongly comparable 
to the Flemish situation (Li et al., 1997): 1° the Bad Lauchstädt Static Fertilizer 
Experiment in Germany with a four-year rotation of barley-potatoes-winter 
wheat-sugar beet; 2° The Rothamsted Park Grass Experiment in the UK having a 
mixture of continuous non-legume and legume hay. In both cases DNDC was 
able to model the data well. Therefore, based on the simulation results of the 
experiments in Juprelle, Bad Lauchstädt, Rothamsted and part of the simulated 
treatments of Gembloux, DNDC showed to be able to adequately model SOC 
stock changes in the conditions of this study area. 
 
6.3.2 Regional scale validation results 
 
Fig. 6.3 gives the simulated evolution of the average SOC stock per ha of all 304 
communities. The regression line which was fitted to the actually measured SOC 
data (Sleutel et al., 2003c), representing the measured decrease of 0.48 t SOC ha-
1 y-1, is also included in this graph as a comparison. When considering the total 
1990-2000 time period, a decrease of -0.35 t SOC ha-1 y-1 was simulated i.e. 
about three quarters of the measured decrease. A number of factors can be 
responsible for the discrepancy between the simulated and measured SOC stock 
evolution: measurement and extrapolation errors of the input data; a too 
simplistic modelling approach which does not sufficiently consider all factors 
involved, a model calibration which is not applicable for the study area. Lastly, 
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there was a substantial uncertainty on the measured baseline SOC stock 
evolution (Fig. 3.4, chapter 3). Regarding the third factor, in the simulation, total 
SOC was partitioned into different pools using the default repartitioning at the 
start of the simulation, i.e. 80% of the SOC in the humus, 12% in the humads 
and 8% in the litter pool. This default distribution is based on many long-term 
tests and works well for most simulations, but any local calibration should 
improve the model predictions (Changsheng Li, 2004, personal communication). 
Many authors have indeed conducted a preliminary model run which led to a 
steady state at the start of the simulation (Falloon et al., 2002; Coleman et al., 
1997). Alternatively, Wang et al. (1997) calculated the initial relative SOC pool 
sizes at steady state condition for DNDC using an equation which took pool 
decomposition rate coefficients and clay content into account among other 
parameters. The final partitioning of SOC of these preliminary runs is then used 
as the initial condition for the actual model simulation. For our study area the 
SOC stock evolution data for the 1990s (Sleutel et al., 2003c) clearly 
demonstrates the absence of an initial steady state condition in Flemish cropland 




Figure 6.3 Change in average SOC stock per ha simulated by DNDC during 
the 1990-2000 period versus the measured SOC stock decrease, using the 
default DNDC initial SOC distribution in the model pools (80% OC in 
DNDC’s humus pool), and using an initial distribution with 77.5% of the 




simulated SOC stock changes to the average measured decrease of 0.48 t OC ha-1 
y-1, it should be considered to allocate more of the initial SOC to the litter and 
humads pools which are more labile then the humus pool. 
 
Two past evolutions in land-use and cropland management in Flanders favour 
the hypothesis that more SOC should be allocated to the labile pools in DNDC: 
1. The first evolution is the substantial decrease in the permanent pasture area 




Figure 6.4 Total cropland, temporary and permanent pasture areas in the study 
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This strong decrease of the permanent pasture area, shows that without doubt a 
part of the cropland soils in 1990 were previously pastures which had been 
brought into cultivation in the two preceding decades. This large land-use change 
in Flanders is consistent with the European situation: according to Freibauer et 
al. (2004) there has been a clear decline of grassland in Europe since the 1960s, 
but since the 1990s onwards grassland areas have remained fairly stable. Based 
on the current knowledge on different protection mechanisms of SOM, some 
conclusions can be drawn about the difference in quality of SOM between 
pasture and cropland soils. Firstly, Six et al. (2002b) conclude that the enhanced 
protection of SOM by aggregates in less disturbed soils such as pasture soils 
results in an accumulation of more labile C then would be maintained in a 
disturbed soil, as is the case in a cropland soil. Secondly, a very labile SOM 
fraction, namely the fine and coarse POM (particulate organic matter) not 
retained in micro-aggregates was shown to be relatively easily decomposable 
and greatly depleted under cultivation by many authors (e.g. Cambardella & 
Elliott, 1992; Alvarez & Alvarez, 2000). From the above it can be concluded that 
specifically the POM contained in micro-aggregates and coarse unprotected 
POM labile part will be in a relatively more labile state when pasture soils are 
brought into cultivation. Consequently, considering that a substantial part of 
cropland and temporary pasture soils in 1990 were recently cultivated permanent 
pastures, a larger part of the SOC in DNDC should be attributed to the more 
labile SOC pools. 
 2. Secondly, two studies suggest that during several decades before the 
1990ies there was an increase of SOC stocks in our study area, which implies 
that the decrease of the SOC during the 1990s is a recent process. Firstly, Van 
Meirvenne et al. (1996) measured an increase of some 9.3 t OC ha-1 in the 
plough layer of West-Flemish croplands (between the 1950s and 1990). 
Secondly, comparison with data by Van Hove (1969), dating from the 1947-
1962 time period, also indicates an increase of SOC stocks in the plough layer of 




effects on SOC stocks are most likely to primarily have effects on the most labile 
SOC pools, such as the “light fraction” and POM, as has been demonstrated by 
many authors (for a review we refer to Six et al., 2002b). Consequently most of 
the SOC which was stored over the last decades in our study area before 1990 
has accumulated in these labile pools which are sensitive to management, 
whereas at this time scale stable SOC pools have remained unchanged. This then 
results in a shift towards relatively more labile SOC, which supports our 
hypothesis that more SOC should be initially allocated to the labile pools of 
DNDC. The initial distribution of SOC in the DNDC pools which yielded the 
best fit of simulated SOC stocks to measured data was deducted by repeating the 
regional simulation with gradually lowering the initial humus content. An initial 
distribution of 77.5% humus (with 9% litter, 13.5% humads) instead of the 
default 80% yielded a very good correspondence with the measured decrease 
(Fig. 6.3). 
 
Next to the assessment of the general model performance for the entire study 
area, a more spatially detailed analysis of the simulated results is necessary to 
evaluate DNDC’s ability to take spatial variation of SOC stock changes into 
account. Therefore, results were also compared per group of communities having 
the same dominant soil textural class. Fig. 6.5 presents the results of the regional 
simulations per group of communities with the same dominant textural class, 
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Figure 6.5 Predicted SOC stock changes per group of communities having the 
same dominant textural class 
 
 
The decrease of SOC stocks lowered towards the more heavily textured classes. 
Slopes from linear trend-lines, which represent the general SOC stock evolution 
are given for each textural class individually in Table 6.4.  
 
Table 6.4 Total cropland and temporary pasture surface, linear regression 
slopes of simulated and measured SOC stock changes (∆ SOC), and the total 
simulated absolute stock change (0-30cm) per soil textural class 
∆ SOC (t OC ha-1 y-1) 
Soil Surface (ha) Simulated Measured 
Simulated SOC 
stock change 
(kton OC y-1) 
Z - sand 73271 -0.90 -0.49 -65.6  
S - loamy sand 53581 -0.64 -0.62 -34.4  
P - sandy loam 27347 -0.51 -0.46 -13.9  
L – silt loam 95977 -0.19 -0.48 -18.3  
A – silt/(silt loam) 79060 -0.07 -0.44 -5.5  
E – (clay) loam 14255 -0.02 -0.20 -0.2  




A good agreement was found between the measured (Sleutel et al., 2003c) and 
simulated stock change for the loamy sand, sandy loam and the (sandy/silty) clay 
textural classes. For the sand class DNDC simulated a much stronger decrease of 
the SOC stocks, which was compensated however by an underestimation of the 
SOC loss for the silt loam, silt and the (clay)-loam classes. Soil texture thus 
played a dominant role in the simulation by DNDC, which was not reflected to 
the same extent in the actual measured evolution of SOC stocks. The large 
decrease in SOC stocks simulated by DNDC in the sandy soils can be explained 
by the combination of the coarse texture and the high SOC levels for many 
communities in the North-Eastern part of the study area (the Northern 
Campines). The majority of these soils are wet sandy to loamy sand soils which 
have a humus and/or iron B horizon or an anthropogenic humus A horizon. 
Possibly the poor drainage condition of these soils, which was not considered by 
DNDC can explain the fact that the simulated decrease was too large. It is well 
known that poorer drainage conditions lead to a decreased OM decomposition 
primarily, both because of a limitation of the aeration and as a consequence of 
reduced soil temperatures which can be up to 5°C lower than in well drained 
soils of similar texture (Van Hove, 1969). Both aeration and soil temperature 
may have been overestimated by DNDC in these wet sandy soils. Lettens et al. 
(2004) also mentioned the possibility of a relation between the drainage 
condition of these soils and their large carbon contents. No direct explanation 
can be found for the underestimation of SOC stock decrease in the silt loam and 
silt soils. Possible other errors which may partly explain this discrepancy 
between simulated and measured results are in the estimation of the clay and silt 
content for the individual soil classes and the concomitant errors in other soil 
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6.4 CONCLUSIONS 
 
The DNDC model was able to simulate the SOC level evolution of the field 
experiment at Juprelle. For the field experiment at Gembloux, simulated SOC 
levels were too high for two treatments involving cereal straw additions, which 
may imply a flaw in the ability of DNDC to simulate its decomposition under 
temperate conditions. Regarding the regional simulation of the SOC stocks in the 
entire study area, a minor adjustment of the initial distribution of SOC in 
DNDC’s SOC pools was necessary to fit the simulated SOC stock changes to the 
measured decrease. Although DNDC was able to simulate the SOC stock 
changes very well when regarding the study area as a whole, the simulated 
decrease of the SOC stocks was overestimated for communities predominantly 
having sandy textures and underestimated for communities with silt loam to silt 
textures. This study pointed out the importance of the evaluation of dynamic 
SOM models before application on a larger scale. Such model validation will 
only be feasible for study areas for which sufficient SOC, climatic, management 
and soil data are available. The datasets used here in the regional validation 
study of DNDC are unique in their detail, both spatially and temporally. To our 
knowledge no similar detailed regional SOC and land use datasets exist, and 
hence this study can be considered as an estimate of the maximum simulation 
accuracy that can at present be achieved in large scale regional calculations of 










Chapter    7
REGIONAL SIMULATION OF LONG-TERM ORGANIC 
CARBON STOCK CHANGES IN CROPLAND SOILS 
USING THE DNDC MODEL: 
2. PREDICTION OF SOC STOCK CHANGES A UNDER 
BUSINESS AS USUAL SCENARIO AND FOR 
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simulation of long-term organic carbon stock changes in cropland soils using 





Localization of favorable regions where the effects from Soil Organic Carbon 
(SOC) sequestration measures are maximized is crucial in the development of 
successful agricultural policies for the Kyoto Protocol. We used a modeling 
approach which allows for a spatial analysis of the results from the regional 
simulation of different management alternatives and gives a better idea of the 
spatial distribution of the net SOC-sequestration. The SOC stock change in 
Flemish cropland soils, simulated with the DNDC model, was fitted to a large 
dataset of SOC measurements for the 1990-2000 period (Sleutel et al., 2005a). 
Using the results of this study, simulations with DNDC of SOC stock changes 
during a period (2006-2012) including the Kyoto commitment period were 
carried out at the community level for a Business As Usual (BAU) scenario and 
7 alternative agricultural management options for SOC sequestration. The 
baseline SOC stock decrease during 2006-2012 was estimated to have lowered to 
0.15 t OC ha-1 y-1 compared to 0.48 t OC ha-1 y-1 in the 1990s. All alternative 
scenarios resulted in a net SOC storage compared to the BAU scenario for the 
study area but none of the individual scenarios were able to increase the average 
absolute SOC stock in the study area. Overall, the spatial variability of the SOC 
storage for the selected management options was strongly dependent on the 
current spatial distribution of crops and management. The modeling approach 
adopted here can serve as a case study for regional scaled modeling of SOC 
sequestration and its spatial distribution in other regions in Europe which have a 









____________________Regional scale simulation of SOC stock changes 
7.1 INTRODUCTION 
 
In the first part of this study (Sleutel et al., 2005a; Chapter 6) the DNDC model 
(Li et al., 1992; Li et al., 1994) was evaluated for its capacity to simulate Soil 
Organic Carbon (SOC) stock changes in Flemish cropland soils. A site 
calibration of crop parameters was carried out based on data from two medium-
term field experiments. By linking datasets of SOC levels, soil texture, cropping 
areas and management a second, large scaled validation was carried out for the 
entire study area, in which SOC stocks were simulated per municipality using 
massive datasets on SOC and cropping surface for the 1990-2000 period. By 
fitting the simulated average SOC stock evolution for the 1990-2000 period to 
this SOC dataset, the initial partitioning of the SOC present in the topsoil (0-30 
cm) over the different SOC pools in DNDC was calibrated. All other model 
parameters were left unchanged. The present study concerns the application of 
DNDC for prediction of future SOC stock changes. The main objective of the 
present study was to simulate the net effect of different agricultural management 
options on topsoil SOC stocks during the Kyoto commitment period (2008-
2012). This net effect is obtained as the difference in SOC stock evolution under 
a Business As Usual (BAU) scenario and a particular alternative management. 
The assessment whether agricultural areas are net sinks or net sources of carbon 
is thus of minor importance for the assessment of the effects of carbon dioxide 
mitigation because a measure may reach its effect by the enhancement of a sink 
as well as the reduction of a source (Vleeshouwers & Verhagen, 2002).    
 
Localization of favorable regions where the effects of SOC sequestration 
measures are maximized is crucial in the development of successful agricultural 
policies for the Kyoto Protocol. Furthermore, for management options which 
may perform poorly for an entire study area, but which are possibly very 
effective locally, suitable sub-regions may be identified. Because community 
level data were used as input, the modeling approach in this study allows for a 




management alternatives and gives a better idea of the actual distribution of the 
net SOC-sequestration. Practically, the most effective SOC sequestration policy 
probably involves the implementation of a combination of alternative 
agricultural practices, each at their most suitable localization. Therefore, a 





The study area and a model evaluation of DNDC for Flanders, the Northern half 
of Belgium, were described in Sleutel et al. (2005a). A Kyoto baseline scenario 
(BAU) was obtained by continuing the regional DNDC simulation of SOC 
stocks of the 1990-2000 period till 2012. All management and soil data were 
kept the same as for the 1990-2000 period. Climatic data for the 2001-2012 
period were generated as described below. The optimized initial partitioning of 
SOC in different DNDC pools (humus, humads and litter) was used as described 
in Sleutel et al. (2005a).   
 
7.2.1 Extrapolation of climatic data 
 
In order to predict future SOC stock changes, climatic data were generated for 
the 2001-2012 period using the stochastic weather generator LARS-WG 
(Semenov & Barrow, 1997). LARS-WG has been validated across Europe and 
has been shown to perform well in the simulation of different weather statistics, 
including those climatic extremes relevant to agriculture (Semenov et al., 1998). 
First, the available daily precipitation and minimum and maximum temperature 
data of the 1990-2000 period were used as the input for LARS-WG and 
distributions for these weather variables were fitted. We then conducted with 
LARS-WG a number of statistical tests of the equality of distributions of the 
same variables between observed and generated weather data sets, which showed 
that there were no large deviations. As long-term SOC stock changes are not 
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likely to depend very much on the presence of extreme weather events, we 
assumed that it would be sufficient if generated and measured climatic data 
corresponded at the monthly time scale. Lastly, the fitted distributions were then 
used to generate a time series for the 2001-2012 period. This procedure was 
adopted for every one of the 18 meteorological stations, available in the study 
area. Because the time series used as inputs for the weather generator were 
limited to 11 years (1990-2000), as a case study a comparison was made with a 
32 year dataset (1968-2000) for one meteorological station to examine the 
influence of the length of the time period considered. Statistical tests did not 
indicate differences between the distribution of temperature and precipitation 
data for both sets. This suggests that the 11 year datasets were sufficient as 
inputs for the weather generator, in particular for the purpose of simulating SOC 
stocks. 
 
At present, it is generally accepted that the probability for temperatures to 
increase substantially during this century is high. The IPCC (Cubash et al., 2001 
(Fig. 9.15a, p 555)) reports a temperature increase for the 1990-2030 time period 
ranging between +0.5 °C and +1.2 °C (average 0.85 °C). Simply assuming this 
increase to be linear, the increase between the middles of the input climatic data 
series (1995) and of the Kyoto commitment period (2010) is +0.32 °C. This 
+0.32 °C temperature change was then taken into account when generating a 
future time series of climatic data. Possible future changes in precipitation have 
not been regarded in this simulation study because of the high uncertainity on 
current predictions.  
 
7.2.2 Scenario Analysis 
 
Several agricultural management options were examined for their carbon 
sequestration potential in this modeling study. All options were assumed to start 




likely to be implemented before the start of the Kyoto commitment period. The 
initial SOC stock and partitioning of SOC in DNDC pools in 2006 were obtained 
by extending the 1990-2000 baseline scenario, described in Sleutel et al. 
(2005a). Some minor adjustments were made to DNDC 8.1 to record the 
partitioning of SOC into different DNDC pools per community at the beginning 
of 2006 and to use this data as input for the scenario analysis. An important 
benefit of a regional study such as this is the fact that the actual spatial 
distribution of the different crops can be taken into account when generating 
different management scenarios for SOC sequestration. This yields a closer 
approximation of the SOC sequestration that could be achieved in reality. For 
example, an alternative management option which involves the expansion of ley-
farming can only be successfully introduced in regions were there is livestock 
production. Since livestock production is not expected to increase in the study 
area, the expansion of temporary ley pastures will be at the expense of other 
feeding crops such as maize and consequently can occur only in regions with a 
large proportion of maize or other feeding crops. The assumption that no 
substantial shifts of farming systems and crop areas are likely to occur during the 
simulation period in any particular spatial unit (in our case within a community) 
is a prerequisite for realistic short term simulation and this assumption was 
adopted for all management options considered. Consequently, the potential of 
certain management options will differ across communities; one management 
option may be better suited for a specific community than another. The different 
SOC sequestration measures that were considered are briefly discussed below 
and are summarized in Table 7.1:  
1. Green manuring: Cropland soils are often left fallow in the study area during 
winter time if no winter cereals are sown and so there is an opportunity for 
sowing green manures. Typical green manure crops include yellow mustard 
(Sinapis alba), Italian ray grass (Lolium multiflorum) and Phacelia (Phacelia 
tanacetifolia) among others. They provide some 4 to 7 t OM of which some 
25% remains in the soil 1 year after incorporation (Kolenbrander, 1974). As 
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in the baseline scenario, the incorporation of green manures was simulated 
as a single OM-addition at the end of the winter after winter barley, winter 
wheat, vegetables and potato. Two scenarios were simulated in which the 
average calculated OC input from green manures (Sleutel et al., 2005a) was 
doubled and tripled, relative to the BAU scenario.   
2. Straw incorporation: Currently almost all cereal straw is being removed 
from the field and used as animal beddings or for other purposes. Only the 
stubbles are left on the field, in the baseline scenario this was reflected by 
the incorporation of 23% of the above-ground plant residues. A theoretical 
scenario in which half of the amount of straw produced in a given 
community (on average 1.50 t OC ha-1 y-1), was spread proportionally on all 
subsequent non-cereal crops (except temporary pasture) in that community. 
For the whole study area this resulted in the incorporation of 60.1 kt OC. 
The competition with alternative uses of straw was not taken into account in 
this scenario.  
3. Farmyard manure: Environmental concerns led to the adaptation of the 
Flemish Manure Action Plan in 1991, which puts restrictions on the 
amounts of nutrients that may be applied to agricultural soils. As a result of 
this, the total nitrogen input from animal manure to cropland will most 
probably decrease or at most remain unchanged when compared to the pre-
1990 period. Therefore, all possible scenarios concerning field application 
of organic manure considered here can only involve relative shifts between 
different manure forms, i.e. the total nutrient input should remain 
unchanged. In the baseline scenario 15% of all applied N in animal manure 
on cropland soils (without the temporary pastures) was assumed to originate 
from solid farmyard manure, the remaining 85% in slurry which has a much 
lower OC content and C:N-ratio. Two scenarios were considered here, with 
an increase in the proportion of N from farmyard manure from 15% to 20% 
and 25%, respectively. The increase in the farmyard manure fraction was 




from 5.7 in the baseline scenario, to 6.3 and 6.8 for both alternative 
scenarios, respectively. 
4. Vegetable fruit and garden waste compost and green waste compost are both 
being collected separately and some 294 000 t is currently being marketed 
(VLACO, 2003). At present only some 7% of this amount is used in 
agriculture, which demonstrates the large expansion potential for compost 
use. Many farmers are interested but remain reserved due to the strict 
manure legislation which also takes into account nutrients applied with 
compost. With an average OC content of 115 kg OC t-1 and a C:N-ratio of 
14.5, this 7% corresponds to an addition of 2.36 kt OC and 0.16 kt N. 
Averaged over the Flemish cropland area, this gives a mere 6.5 kg OC ha-1 
y-1 that is at present being incorporated. For the “compost” scenario, the 
application of compost was augmented to 2.5% of the total amount of N 
added through organic manures on cropland soils with the exception of 
temporary pastures. For the total study area this extra addition corresponds 
to 10.1 kt OC y-1 (and hence 0.70 kt N). Due to the aforementioned legal 
restrictions on N fertilization the animal manure application was reduced by 
an amount corresponding to 0.70 kt N. 
5. Temporary pastures: The essence of ‘ley farming’ is the rotation of arable 
crops with grassland in a regular sequence; the temporary grass, lasting 2 to 
5 years, is referred to as a ley (Hopkins, 2000 in: Nevens & Reheul, 2003). 
In temporary pastures SOC accumulates due to a limited soil disturbance 
from tillage and to a high proportion of organic carbon allocated to the roots 
(Haynes et al., 1991). The former success of this type of farming waned as 
the availability of pesticides and cheap fertilizers reduced the need for crop 
rotations (Nevens & Reheul, 2003). The 47 665 ha of temporary pasture 
surface in the baseline scenario was expanded by 50 and 100% in two 
alternative scenarios. As the total demand for fodder crops was assumed to 
remain constant, this expansion of the pasture area can only be 
accomplished at the cost of other fodder crops as grain maize and silage 
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maize and fodder beets. Therefore, in the simulations of the temporary 
pasture scenarios, the increase in temporary pasture area was compensated 
for by a decrease of the areas of these three other fodder crops within every 
community.   
6. Reduced tillage: Conservation tillage farming has been promoted as an 
agricultural practice that creates a ‘win–win’ situation by reducing soil 
erosion, enhancing agricultural sustainability and storage of SOC (Six et al., 
2004). The specific conditions that are likely to make no till a cost-effective 
option are found in the US but not necessarily in Western-Europe 
(Dendoncker et al., 2004). In the study area, reduced tillage probably has 
only potential on a limited part of the cropland area, particularly on soils in 
which carbon stocks are low and the erosion control effect can provide an 
additional motivation for farmers. Because of their silty textures, low SOC 
content and hilly relief, cropland soils in the Southern border of the study 
area are vulnerable to water erosion. Based on the erosion-potential map of 
Flanders (Van Rompaey et al., 2000), 40 communities having an erosion-
potential higher than 1.5 t sediment ha-1 y-1 were selected for this scenario. 
For the simulation, tillage for all crops was limited to a superficial mixing of 
harvest residues in the top 5cm of the soil. Since reduced till has not been 
practiced in the study area before 1990, all new efforts for this management 
option are additional and thus accountable for the Kyoto Protocol. 
7. Organic Farming: Organic farming can increase SOC levels due to a larger 
application of organic amendments such as compost and animal manure or 
green-manures (compared to conventional farming) and by giving grass-
clover mixtures an important role in the crop rotation (Baritz et al., 2004). 
When compared to neighbouring countries, organic farming still has a large 
potential for expansion in the study area as currently only 0.6% of all 
agricultural land is managed organically and many organic products need to 
be imported from abroad. The scenario for organic farming basically 




green manures on 25% of the organically managed surface, temporary 
grassland on a quarter of the total surface, all nitrogen input to the field 
originates from organic sources and compost and farmyard manure 
comprise a higher proportion of the organic manures (50%). For the 
simulations this scenario was assumed to be practiced on 5% of the total 
cropland area.    
 
Table 7.1 Management options for carbon sequestration included in the 
scenario analysis, the associated surface on which they are practiced and the 
extra estimated OC input when compared to the baseline scenario 





OC y-1) baseline Scenario 
Green manuring surface x 2 46000 46.4 0.256 





Straw incorporation 50% 0 40175 60.1 0 0.166 






Compost application xa xa 10.1 0.007 0.028 
Temporary pastures x 1.5 71498 - - 





Reduced tillage (Southern silty soils) 0 73860 - - - 
Organic Farming (5% of total area) 0 18112 - - - 
a Since no area figures were available, for the simulation compost was to be 
spread evenly before all crops except temporary pasture, winter barley and 
winter wheat (234 188 ha)  
b - : Not  quantified 
 
7.3 RESULTS AND DISCUSSION 
 
7.3.1 Prediction of the business as usual scenario 
 
Using the same crop surface and farming management data which was 
considered to be representative for cropland production in the study area during 
the 1990-2000 period a business as usual (BAU) scenario was simulated from 
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1990 till 2012. The evolution of the predicted average SOC stock (0-30 cm) for 
this BAU scenario is shown in Fig. 7.1. The decreasing trend of the SOC stocks 
continues after 2000 but the slope of the decrease lowers to -0.15 t ha-1 y-1 




Figure 7.1 Average simulated SOC stock evolution in the study area’s cropland 
soils until 2012 under the business as usual scenario 
 
 
This shift towards a linear change can be explained by the depletion of the easily 
decomposable SOM, which is the SOM in the litter pool in DNDC. At the end of 
2005 the partitioning of the SOC in the DNDC pools had shifted from 9 to 4.7% 
litter, from 13.5 to 13.4% humads and from 77.5 to 81.9% humus, compared to 
1990. Yet, the SOC stocks had not stabilised at the end of the simulated period. 
Considering the inertness of SOC stock evolutions, the continued decrease 
observed here may still be the legacy of past changes in land-use, such as the 
recent conversion of pastures to cropland as is for example the case in the United 
Kingdom (Janssens et al., 2003), or changes in land-management, such as the 




hypothesised in Sleutel et al. (2005a). The effect of the increase of the air 
temperature as a result of climatic change, which was included in this simulation 
was also investigated. To this end we compared the SOC stock evolution of the 
BAU scenario with and without this temperature rise. The total SOC stock 
decrease between 2001 and 2012, the period in which the temperature rise of 
+0.32°C was simulated, was 5.2% lower in a simulation without this rise in 
temperature. 
 
Fig. 7.2 shows the dependence between the simulated SOC stock decrease and 
the initial SOC content and clay content respectively. The simulated baseline net 
SOC stock change (expressed in t OC ha-1 y-1) was negatively correlated with the 
initial SOC content (Pearson correlation coefficient = -0.49; P = 0.01), i.e. in 
communities with higher average SOC levels, the decrease of the SOC stock was 
larger. Secondly, the SOC stock change was positively correlated with the clay 
content (Pearson correlation coefficient = 0.69; P = 0.01), i.e. the simulated SOC 




Figure 7.2 Correlation between the simulated yearly SOC stock decrease 
during the Kyoto Commitment period and the initial SOC content at the start 
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7.3.2 Scenario analysis 
 
The average simulated SOC stock evolution between 2006 and 2012 for the 
individual selected management options has been compared to the BAU scenario 




Figure 7.3 Evolution of the average simulated SOC stock (0-30 cm) for 
different management options starting in 2006: (a) Green Manuring (GM); (b) 
Farmyard Manure application (FYM) and cereal Straw incorporation (STR); 
(c) Expansion of the Temporary Pasture surface (TP); (d) application of 
Garden Fruit and Vegtable- or Green Waste Compost (COM) and expansion of 
the Organic Farming area (OF) 
 
All simulated options resulted in a reduction of the SOC stock decrease 




the SOC stocks. The net effect of the different agricultural management options 
for carbon sequestration during the Kyoto commitment period was calculated by 
subtracting the total simulated SOC stock change between 2008 and 2012 from 
the simulated baseline SOC stock change for that period. An average annual 
figure for the whole study area was obtained by dividing the total stock change 
by 5 (Table 7.2). 
 
Table 7.2 Increase of the SOC stock compared to the BAU scenario over the 
total study area predicted by DNDC for the Kyoto commitment period 2008-
2012 
Total SOC sequestration 
Management option 
(kt OC y-1) 
x 2 11.5  Green manuring surface 
x 3 23.1  
Straw incorporation 50% 13.3  
20% 7.5  Farmyard manure application 
25% 13.1  
Compost application 4.4  
x 1.5 5.6  Temporary pastures 
x 2 11.0  
Reduced tillage (Southern silty soils) 0.5  
Organic Farming (5% of total area) 4.3  
 
 
The scenario involving triplication of the green manure area resulted in the 
strongest reduction of the SOC stock decrease (23.1 kt OC y-1), which was to be 
expected when considering the large additional input of fresh OM in this 
scenario (Table 7.1). The 25% farmyard manure scenario or incorporation of half 
of the total amount of cereal straw resulted in about half this additional storage 
compared to the BAU scenario (13.1 kt OC y-1 and 13.3 kt SOC y-1 respectively). 
Considering the poor fit in the two cases where straw was incorporated in the 
Gembloux field experiment during model evaluation (Sleutel et al., 2005a), the 
SOC storage for the straw scenario may have been overestimated. The extra 
amount stored in the scenario of doubling the green manure area or doubling the 
 -144- 
____________________Regional scale simulation of SOC stock changes 
temporary pasture area (11.5 kt OC y-1 and 11.0 kt SOC y-1 resp.) was slightly 
lower. Increasing the farmyard manure N application proportion to 20% of the 
total animal manure N application on cropland or expansion of the temporary 
pasture area by 50% yielded storages of 7.5 and 5.6 kt SOC y-1 respectively. The 
organic farming and compost application scenarios resulted in a smaller SOC 
sequestration (4.3 kt OC y-1 and 4.4 kt SOC y-1 respectively) (because of the 
small area on which these scenarios can be applied realistically). Practicing 
reduced tillage in the southern hilly part of the study area yielded a very limited 
SOC sequestration (0.5 kt OC y-1). The average rate of C sequestration per ha 
where the scenario was implemented was calculated and compared with carbon 
accumulation rates which have been reported in literature (Table 7.3).  
 
When expressed as a SOC storage per ton manure added, there is a very good 
correspondence with the recalculated storage rate given by Smith et al. (1997) 
for manure application. Yet, when compared to Vleeshouwers & Verhagen 
(2002), the model estimated less then half of the accumulation rate given in that 
study. For compost the discrepancy between simulated results and literature was 
larger. 
 
The ability of farmyard manure to maintain or increase SOM levels is well 
known and, in general, organic matter levels with farmyard manure additions 
exceed treatments with comparable additions of green manure or crop residues 
(Kolenbrander, 1974). This is due to the recalcitrance of the manure which is 
related to its (bio)chemical composition. Compost is in general considered to be 
more recalcitrant than farmyard manure. Although in some other studies little or 
no influence of residue quality on SOM levels has been found (Larson et al., 
1972 in: Paustian et al., 1992 ; Rasmussen, 1980 in: Paustian et al., 1992), the 
concept of the role of residue quality in SOM formation is widely held 
(Stevenson, 1982 in: Paustian et al., 1992). However, in DNDC the C:N-ratio is 
the only characteristic of an OM that determines its decomposition rate in the 




to its quality) is not taken into account by DNDC. Therefore the simulation 
results possibly underestimated the sequestration potential of these management 
options.  
 
Table 7.3 Comparison of the simulated SOC stock accumulation rates 
expressed per ha land on which the management has been implemented with 
data from European literature 
SOC accumulation rate (t OC ha-1 y-1)  Management option 
Simulated Literature Referencea
Green manuring 0.167 0.16-0.2 1 





Farmyard manure application (10 t) (0.024 t OC t-1) (0.019 t OC t
-1) 
 (0.040 t OC t-1)c
3 
2 
Compost application (10t) (0.049 t OC t-1)  (0.083 t OC t-1)  4 





Reduced tillage  0.007 0.2 0.31e
1 
7 
Organic Farming  0.235 0-0.5 3 
a references: 1: Arrouays et al. (2002); 2: Vleeshouwers & Verhagen (2002); 3: recalculated from 
relative accumulation rates by Smith et al. (1997) for Belgian soils in Dendoncker et al. (2004); 4: 
Sleutel et al. (2003b); 5: Kätterer & Andrén (1999); 6: Freibauer et al. (2004); 7: Smith et al. 
(1998) 
b straw incorporation 2-10 t ha-1 
c recalculated into SOC storage t-1 manure from Vleeshouwers & Verhagen (2002) 
d grass-ley covers 50% of the crop rotation 
e the relative SOC accumulation rate of 0.73% y-1 by Smith et al. (1998) was recalculated to 
absolute figures for the Flemish cropland soils in 2006 for which reduced till was simulated  
 
The green manuring and cereal straw options gave slightly lower accumulation 
rates then those given in the selected literature (Table 7.3). For the temporary 
pasture expansion scenarios the simulated average storage rate per ha was 
considerably lower than rates given in literature. This can partly be explained by 
the fact that in the simulations all grass-leys were ploughed in and resown every 
year, whereas the figures from literature were derived from experiments in which 
grass-leys were grown for several consecutive years without ploughing. The C 
accumulation rate for organic farming was within the range of rates proposed by 
Freibauer et al. (2004).  
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Reduced tillage had almost no effect on SOC stocks. There is conflicting 
evidence in the literature on the effects of reducing tillage on SOC levels in soils 
(Kern & Johnson, 1993; Campbell et al., 1996). According to a literature review 
on no till experiments in Europe by Smith et al. (1998), no till resulted on 
average in a 0.73% yearly increase of the SOC stock in the plough layer when 
compared to conventional (moldboard) tillage. In a sensitivity analysis of 
DNDC, Li et al. (1994) demonstrated that DNDC simulated very limited effects 
of no till on SOC storage in SOC poor soils (OC content = 1%), which is in 
agreement with our results (average SOC content of the simulated silty soils was 
1.15% OC).  
 
In general, this simulation study yielded lower C-sequestration rates than values 
cited in the literature. This seems to suggest that the total SOC sequestration 
potential for the study area presented here (Table 7.2) probably is a safe estimate 
and in reality better results may be achieved. However, many net effects from 
alternative management options which are given in literature are obtained by 
comparison with a control treatment which often receives a limited OC input. In 
our study, the baseline was a BAU scenario, and not a zero C input scenario. The 
C sequestration strategies in the alternative scenarios are already partly practiced 
in the BAU scenario, which obviously reduces the potential effect of the 
alternative scenarios, and could thus partly explain the lower simulated SOC 
sequestration rates.  
 
 
7.3.3 Spatial pattern of the simulated SOC sequestration 
 
The yearly average SOC sequestration during the Kyoto commitment period for 
every community is given in Fig. 7.4 for a selection of 6 of the management 




demonstrate as much as possible variation of the SOC sequestration rate between 
communities for the selected management alternatives presented. 
 
Fig. 7.5 shows the weighted average SOC storage per ha cropland for the 7 
considered soil classes individually. From Fig. 7.5 it can be concluded that the 
net SOC storage for the green manuring, the straw incorporation and the organic 
farming scenarios increased towards the heavier soil textural classes. In the case 
of the green manuring scenario for example the largest SOC sequestration was 
simulated to occur in the Southern silty soils and at the Western border of the 
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Figure 7.4a Spatial distribution of the simulated annual net SOC storage in the 
2008-2012 Kyoto commitment Period expressed in t OC ha-1 y-1 for different 
agricultural management options: (a) Green Manuring surface x2; (b) Straw 







Figure 7.4b Spatial distribution of the simulated annual net SOC storage in the 
2008-2012 Kyoto commitment Period expressed in t OC ha-1 y-1 for different 
agricultural management options: (d) Temporary Pasture surface x 1.5; (e) 
Reduced Tillage on silty soils prone to erosion; (f) Organic farming on 5% of 
the cropland surface 
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Figure 7.5 Net SOC storage for 6 alternative management options within each 
one of the 7 soil textural classes considered: (Z: sand; S: loamy sand; P: sandy 
loam; L: silt loam; A: silt/(silt loam); E: (clay) loam; U: (sandy/silty) clay) 
 
 
Soil texture would thus seem to be able to explain most of the spatial variation in 
SOC sequestration for those management options. Indeed, in a sensitivity 
analysis on modelling of SOC stock changes with DNDC, Li et al. (1994) also 
reported that the effect of organic amendments such as manure and green 
manure is quite dependent on soil texture. However, we have to consider also 
that for the straw incorporation and green manure scenarios, the results are also 
strongly dependent on the current distribution of cereal crops such as winter 
wheat and winter barley, because it is mainly these crops that can be followed by 
a green manure. These grain crops are mainly grown in these heavier textured 
soils, and hence the effects of the straw and green manure scenarios obviously 
will have most impact in these heavier texture soils. In other words, there is a 
very strong interaction between effects of soil and current distribution of crops 
and management. The fact that this interaction could be taken into account 




distribution of SOC storage will also depend on the spatial distribution of crops 
and the agricultural management, but to a lesser extent.  
 
7.3.4 Correlation between the simulation results and SOC stocks, stock 
changes and clay content 
 
As the SOC stock evolution of an alternative management option has to be 
regarded relative to the BAU-scenario, it is difficult to directly relate the scenario 
analysis results with the initial SOC level and soil texture. A correlation analysis 
between the individual net SOC storage per community of the scenario analysis 
(i.e. the difference in SOC stock change between the BAU and the alternative 
scenario per community) on the one hand and the baseline stock decrease, the 
SOC stocks and the clay content of that community on the other hand is given in 
Table 7.4.  
 
In communities having a stronger baseline SOC stock decrease, the farmyard 
manure, compost and temporary pasture management options resulted in larger 
net SOC sequestration. In other words in communities with a stronger SOC 
decrease under BAU (reflecting a bigger disturbance of the SOC balance) this 
SOC decrease was better compensated by these alternative management options. 
There was also a positive correlation between the SOC level and the net SOC 
sequestration rate from these management options, which seems in contradiction 
to the general logic that OC is more easily restored in soils with low SOC levels. 
This can be explained by the strong correlation between the SOC level and the 
simulated BAU decrease of the SOC stocks (Fig. 7.2): communities with high 
SOC levels had the strongest stock decreases, which in turn are more easily 
countered by alternative management. For green manuring and straw 
incorporation the opposite result was simulated (Table 7.4) as the highest net 
SOC increases due to alternative management occurred in soils which have the 
lowest baseline SOC stock decrease. 
 -152- 
____________________Regional scale simulation of SOC stock changes 
Table 7.4 Pearson correlation coefficients between the mean simulated net 
SOC storage rate for the 2008-2012 period per community and the baseline 
SOC stock decrease, the simulated SOC level in 2006 and the clay content per 
community    





content Management option 
(in t OC ha-1 y-1) (in %OC) (in %) 
Green manuring surface x 2 0.666  -0.065  0.824  
 x 3 0.677  -0.068  0.833  
Straw incorporation 50% 0.636  0.024  0.823  
Farmyard manure application 20% -0.152  0.234  -0.022  
 25% -0.088  0.258  0.056  
Compost application -0.162  0.197  -0.097  
Temporary pasture areal x 1.5 -0.185  0.411  -0.063  
 x 2 -0.206  0.421  -0.091  
Organic Farming (5% of total area) 0.121  -0.002  0.560  
 
 
Because cereals constitute a large proportion of the crop rotation in the soils with 
low baseline SOC decrease this evidently leads to most straw being incorporated 
in these soils for the straw incorporation scenario, and green manuring also 
expands the most in these communities, as was already explained above. The 
strong positive correlation of the simulation results of these scenarios with clay 
content (Table 7.4) indirectly again reflects the simulation results are dependent 
on management which is strongly bound to soil texture for these scenarios rather 
than on the SOC stock present. For the biological farming scenario, the result of 
the correlation analysis is situated between the results for straw and green 
manuring on one hand and the other management options on the other hand, 
which can be explained by the fact that the biological farming option comprises 











All management alternatives to this BAU scenario which were included in this 
simulation study resulted in net SOC storages yet none were able to individually 
completely counter the baseline SOC stock decrease during the Kyoto 
commitment period (2008-2012). Although still modest, the alternative scenarios 
in this study represent drastic changes in current agricultural practices and 
management. Still the most promising scenarios represent only 1% of the Kyoto 
commitment for Belgium. Moreover, changes in N2O and CH4 emissions have 
not been considered, and in a number of scenarios these emissions are likely to 
increase compared to the BAU scenario. This shows that the contribution of 
SOC sequestration in agricultural soils to combat global change is probably very 
limited. Overall, the spatial variability of the SOC storage for the selected 
management options was strongly determined by the current spread of crops and 
management. Thanks to the explicit use of spatially distributed input data, the 
results of a large scale simulation study have direct relevance as a decision 
support tool because it allows to direct efforts towards the most efficient option 
for SOC sequestration on the community level. Because it is unlikely that similar 
detailed datasets exist for other regions, this study probably also yields the best 
possible accuracy that may be achieved in short term prediction of C 
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Summary and General Conclusions 
 
At present, and from a regional scale perspective, very little is known about the 
long-term Soil Organic Matter (SOM) balance of current cropland management. 
Recent interest in Soil Organic Carbon (SOC) sequestration has led to a 
mushrooming of SOM research all over the world. Still, there are large 
uncertainties about the SOC sequestration potential of certain regions, 
management scenarios, their practical and economical feasibility, and the 
question even remains whether it is possible to actually measure and verify SOC 
sequestration.  
Next to SOC sequestration, maintenance and improvement of (SOM) levels is 
generally accepted as being the major prerequisite for sustainability of any agro- 
ecosystem. SOM research therefore has a second important benefit in that it 
focuses on the general question of sustainability of human management of 
(agro)ecosystems. The work presented here is aimed at improving our 
knowledge on the subject of SOM dynamics, particularly with respect to 
intensive cropland production.    
 
The literature review revealed that agricultural management has a profound 
effect on the SOC levels in the long-term (Chapter 1). Because of the intensive 
character of our agriculture, it can be expected that management affects the 
evolution of SOC stocks in croplands. Measurement of SOC stock changes and 
analysis of long-term SOC stock evolution require current and past 
methodologies for SOC determination to be comparable. It can be concluded 
from Chapter 2 that the two modern combustion methods investigated closely 
matched the Walkey & Black and Springer & Klee methods, and that the 
traditional assumptions of a 75% efficiency of the Walkey & Black method and 
a SOM/SOC mass ratio of 2.0 are generally valid for Flemish cropland soils.  
A first main objective was to actually quantify present and past SOC stocks in 
cropland soils and to look into recent SOC stock evolutions. For right about 
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every country sufficient SOC measurements are simply lacking. We did, 
however, dispose of a unique massive dataset of topsoil SOC measurements 
covering the whole of Flanders. By analysis of this very large dataset (Chapter 
3) we found that a significant decrease in the SOC stocks of Flemish cropland 
soils has occurred during the 1990s. The average estimated loss of SOC was 
estimated to be 0.48 t OC ha-1 y-1 for the 0-30 cm topsoil layer. A depth 
distribution model of SOC was successfully fitted to another large dataset of 
SOC that originates from the National Soil Survey. Using this model, SOC data 
were extrapolated to a depth of 1m and the 1990 baseline SOC stock was 
quantified to be 28.2 Mton OC. Regions which are relatively poor or rich in SOC 
stocks were identified, but except for the area surrounding Leuven, no clear 
reasons for explaining these observations were found. The annual net CO2 
emission which resulted from the estimated SOC decrease amounts to 1275 kton 
CO2 ha-1 y-1 during the 1990-ies. Practically, the restoration of the SOC lost since 
1990 in Flemish cropland soils may well take about 40 years.  
 
There is a general consensus in soil science that due to chemical and physical 
stabilization of a large part of the SOM, only the remaining more labile fraction 
of the SOM is likely to be affected by agricultural management at the time scale 
of years to decades. The size of such a “decomposable” OM pool has been 
estimated to account for 10-40% of the whole SOM. Experimental work over the 
last two decades has demonstrated that physical fractionation methods are able to 
define and delineate SOM pools that integrate structural and functional 
properties of SOM. In Chapter 4 a physical fractionation procedure was tested 
for its ability to quantify shifts in SOM pools as a result of management after 
several decades. Samples from two long-term arable field experiments with each 
having a control and three manure and fertilizer input treatments were physically 
fractionated into two free Particulate Organic Matter (POM), an occluded POM 
and the silt and clay associated OM fractions. In general, the relative distribution 





increasing OM inputs. This result corroborates the hypothesis that newly formed 
OM is largely incorporated into relatively labile OM. An additional simple 
chemical fractionation of the silt and clay sized OM was inadequate in isolating a 
“passive” SOM pool. This study demonstrated that changes in the distribution of 
SOM over functional pools, resulting from management, can be measured after 
several decades. 
 
In order to verify the significant general decrease of SOC stocks, a soil survey in 
the Province of West-Flanders was conducted (Chapter 5), which proceeded on 
two past soil surveys dating back to the National Soil Survey in the 1950s, and to 
the beginning of the 1990s. In this way, paired observations were obtained of 
SOC measurements, plough layer depth and soil bulk density for a total of 116 
cropland soils at three points in time. The analysis of the dataset confirmed the 
decreasing trend with an average annual loss of 0.19 t OC ha-1 y-1 between 1990 
and 2003 for the cropland soils in this province. This result suggests that a clear 
trend break had occurred, ending the SOC accumulation that took place during 
several decades before the 1990s. Land-use changes, changes in ploughing 
depth, changes in N fertilization or climate change could not fully explain the 
recent decrease of SOC levels in these cropland soils. Logically, we then looked 
at changes in management of OM-input as a possible cause for the loss of SOC.   
The physical fractionation methodology which was tested in Chapter 4, was 
applied to characterize the SOM of ten of the cropland soils which were taken 
during the Soil Survey in West-Flanders (Chapter 5). Relatively large 
proportions of free POM (15-44% of the whole soil OM), which is assumed to 
be “unprotected OM”, were found in these soils and a correlation existed 
between the amount of OC of this pool and the whole soil OC. In contrast to 
other research reported in the literature, no correlation was found between the silt 
and clay content and the whole soil OC level, nor was there a correlation 
between silt and clay content and the amount of silt and clay associated OC. A 
modest correlation could be established between shifts in the average input of 
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effective OC and the SOC stock change since 1990 for the resampled fields at 
the municipality scale, which was the finest scale at which management data 
were available. These observations indicate a predominant control of 
management over the SOC levels of these soils.  
 
The final part of this work was concerned with the prediction of future SOC 
stock changes in Flemish cropland soils. Localization of favorable regions where 
the effects of SOC sequestration measures are maximized is crucial in the 
development of successful agricultural policies for the Kyoto Protocol. In 
Chapter 6 and Chapter 7 we used a modeling approach (the DNDC C and N 
biogeochemical model) which allowed for a spatial analysis of the results from 
the regional simulation of different management alternatives and provided a 
detailed insight into the spatial distribution of the net SOC-sequestration. A site 
calibration of crop parameters was carried out based on data from two medium-
term field experiments. The SOC stock change in Flemish cropland soils, 
simulated with the DNDC model at the community level, was firstly fitted to the 
large dataset of SOC measurements for the 1990-2000 period (Chapter 6). This 
regional scaled model validation is unique in the sense that it covered the entire 
study area, and to our knowledge, such a large quantity of data at this level of 
detail has not been available in any other regional scale SOC stock simulation 
study. The average simulated SOC stock change (Chapter 6) was close to the 
measured SOC stock decrease (Chapter 3), yet differences existed for individual 
textural classes. The DNDC model overestimated the loss of SOC during the 
1990-ies for sandy soils and underestimated this loss for the silt to clay loam 
textured soils. Combined with the outcome of the soil survey in West-Flanders 
(Chapter 5), from which we concluded that soil texture is likely to be secondary 
to management as a regulating factor on SOC levels in the intensified Flemish 
agriculture, this result suggests that in current SOM models the influence of soil 
texture on SOM decomposition is too large, as was the case for DNDC. Next, 





the Kyoto commitment period, were carried out for a Business As Usual (BAU) 
scenario and 7 alternative agricultural management options. The baseline SOC 
stock decrease during 2006-2012 was estimated to have lowered from 0.48 t OC 
ha-1 y-1 in the 1990s to 0.15 t OC ha-1 y-1. All alternative scenarios resulted in a 
net SOC storage compared to the BAU scenario for the study area but none of 
the individual scenarios was able to increase the average absolute SOC stock in 
the study area. Overall, the spatial variability of the SOC storage for the selected 
management options was strongly dependent on the current spatial distribution 
of crops and management. The modeling approach adopted here can serve as a 
case study for regional scaled modeling of SOC sequestration and its spatial 
distribution in other regions in Europe which have a comparable intensified 
agriculture as this study area. The results of the regional simulation study 
showed that the potential contribution of SOC sequestration in cropland soils in 
regions with intensified agriculture to the overall mitigation of greenhouse gas 
emissions is very modest. Furthermore, the outcome of the simulations 
corroborate the hypothesis, introduced in Chapter 5, that a substantial part of the 
current SOM stocks in cropland soils is present as relatively labile OM and may 
be prone to future loss under current agricultural management practices. 
 
In conclusion, SOC sequestration in Flemish cropland soils has a limited 
potential. Up to 1% of the national CO2 emission reduction, to which Belgium 
has committed itself by ratification of the Kyoto Protocol, may be achieved. 
Taking into account a possible increase of N2O and CH4 emissions, the net 
greenhouse gas emission balance may even become negative for some 
management options. Furthermore some efforts towards SOC storage may have 
undesired environmental side effects such as increased NO3--N leaching, NH3 
emissions or phosphorous accumulation. Given the large scaled recent losses of 
SOC, the preservation of the SOC stocks still present should be the priority of 
agricultural policy. The implementation of management practices such as ley-
farming, green manuring, incorporation of cereal straw, compost application and 
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organic farming should be further promoted. Preservation of SOM is crucial for 
the sustainability of agricultural production and for soil quality as a whole. 
 
Outlook and further research 
 
The most striking outcome of this work is probably that, starting from a research 
subject aimed at estimating the SOC sequestration potential of cropland soils, we 
found a general trend of recent SOC losses in the study area. Further loss of SOC 
from these soils may have harmful effects such as increased susceptibility to soil 
erosion, diminished soil fertility and degradation of soil structure. Further 
research looking into the role of changing management in the process of SOM 
loss is certainly needed. Such research will be crucial for the development of an 
agricultural policy for sustainable soil management. A first step would be the 
establishment of long-term field experiments, which are lacking in Belgium, 
although they are the single best means for the study of long-term SOM 
dynamics. Secondly, there is at present a very strong demand for intensive 
monitoring of SOC stock changes at a large scale, and this will undoubtedly 
continue in the future. A functional soil monitoring network is one of the 
priorities in the European Soil Thematic Strategy. The development of such a 
monitoring network for soil quality in Flanders is a crucial step in this respect. 
 
The hypothesis of the presence of a large “decomposable” SOM fraction that is 
present in intensively managed cropland soils should be further looked into, by 
physical fractionation of a much larger number of soils. A study on the 
relationship between soil clay content and OM in soil fractions of a larger 
number of soils is also requiered to further verify the hypothesis that soil texture 
has a secondary, possibly masked role on SOM dynamics in intensively 
managed cropland soils. Future research using physical fractionation as a tool for 
the characterization of SOM into functional OM pools needs to be standardized. 





or combination of results is impossible. Furthermore, to date in many of these 
studies still insufficient attention and effort has been put into the selection of a 
methodology that yields “unique” and physically/biologically meaningful OM 
fractions. A major limitation resulting from this shortage of standardization and 
usability is that information is lacking for the development of future SOM 
models, with measurable pools and full incorporation of both physical and (bio)-
chemical concepts of SOM stabilization.  
 
There were indications for the presence of a substantial recalcitrant SOM 
fraction in the coarse textured soils of the area surrounding Beernem. A plausible 
explanation for the presence of this stable OM pools in these soil could be that 
biochemically inert organic compounds have accumulated as a consequence of a 
historical heathland land-use. We also found unusually high SOC levels in the 
coarse sandy textured soils of the much larger Campines area, located in the 
North-East of Flanders. A similar explanation as for the Beernem soils may be 
valid as well for this region. A combination of physical fractionation with 
modern analytical spectroscopy methods probably has the highest potential to 
investigate this hypothesis on the presence of a substantial recalcitrant SOM 
fraction. Research on these soils may be particularly promising, because due to 
the very low silt and clay content, formation of organomineral complexes can be 
excluded as a possible mechanism for SOM stabilization. Identification and 
quantification of this very stable OM pool can provide valuable information for 
definition of the “passive OM pool” that is often used in SOM models.    
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Samenvatting en algemeen besluit 
 
Momenteel is er zeer weinig geweten over de Bodem Organische Stof (BOS) 
balans op langere termijn en op regionale schaal van het huidige 
akkerlandbeheer. De recente interesse in sekwestratie van bodem organische 
koolstof (BOC) heeft geleid tot het opstarten van onderzoek naar BOS over de 
hele wereld. Er blijven echter nog steeds grote onzekerheden betreffende het 
BOC opslag potentieel van bepaalde regio’s, van beheersscenario’s, de sociale 
en economische haalbaarheid ervan en zelfs de vraag of het eigenlijk wel 
mogelijk is om koolstofsekwestratie te meten en te verifiëren.  
Naast BOC sekwestratie, wordt het behoud en de verbetering van BOS gehalten 
gezien als de voornaamste vereiste voor de duurzaamheid van ieder agro-
ecosysteem. Onderzoek naar BOS heeft daarom een tweede cruciale functie, met 
name doordat het gericht is op de algemene vraag betreffende de duurzaamheid 
van menselijk beheer van (agro)-ecosystemen. Het hier voorgestelde werk focust 
op de verbetering van onze kennis van BOS dynamiek, in het bijzonder in de 
intensieve akkerbouw.  
 
De literatuurstudie toonde aan dat landbouwkundig beheer op lange termijn een 
belangrijk effect heeft op het BOC gehalte (Hoofdstuk 1). Tengevolge van het 
intensieve karakter van de landbouw in Vlaanderen, kan verwacht worden dat 
landbouwkundig beheer zich vertaalt in een stijging of daling van de BOC stocks 
in akkerbouwbodems. 
Voor de bepaling van BOC stock veranderingen en analyse van lange termijn 
BOC evoluties is het essentieel dat huidige en vroegere methodes voor meting 
van het BOC gehalte vergelijkbaar zijn. Uit Hoofdstuk 2 kan besloten worden dat 
de twee moderne verbrandingsmethoden die onderzocht werden, sterk gelijkende 
resultaten leveren als de Walkey & Black en Springer & Klee natte oxidatie 
methoden, en dat de traditionele aannames van een 75% rendement van de 
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Walkey & Black analyse en een BOS/BOC verhouding van 2.0 geldig zijn voor 
Vlaamse akkerlandbodems. 
 
Een eerste hoofddoelstelling was de kwantificatie van huidige en vroegere BOC 
stocks in akkerlandbodems en de recente evoluties van deze stocks. Voor zowat 
ieder land ter wereld is er een gebrek aan voldoende BOC metingen voor de 
uitvoering van een dergelijke analyse. We beschikten echter over een unieke 
uitgebreide databank van BOC metingen van de bovenste bodemlaag van akkers 
die geheel Vlaanderen bestreek. Na analyse van deze dataset (Hoofdstuk 3) 
vonden we dat er gedurende de jaren ’90 een significante daling van de BOC 
stocks in Vlaamse akkerlanden had plaatsgevonden. Het gemiddelde verlies aan 
BOC werd geschat op -0.48 t OC ha-1 j-1 voor de bovenste 30 cm. Een model van 
de diepteverdeling van BOC werd met succes gefit aan een andere grote BOC 
dataset, die afkomstig was van de Nationale Bodemkartering. Gebruik makende 
van dit model, werden de BOC gegevens geëxtrapoleerd tot een diepte van 1m 
en de 1990 basislijn BOC stock werd becijferd op 28.2 Mton OC. Regio’s met 
relatief lage of hoge BOC stocks werden geïdentificeerd, maar buiten de streek 
rond Leuven werden er geen duidelijke verklaringen gevonden voor deze 
observaties. De jaarlijkse netto CO2 emissie, die resulteerde uit deze geschatte 
BOC stock afname, bedroeg 1275 kton CO2 ha-1 y-1 gedurende de jaren ’90. 
Praktisch gezien kan het herstel van de verloren gegaane BOC stocks in Vlaamse 
akkerlanden gemakkelijk 40 jaar duren.  
 
Er wordt algemeen aanvaard dat een groot deel van de BOS door chemische en 
fysische bescherming gestabilizeerd is. Daardoor kan enkel van de overblijvende 
labielere BOS fractie verwacht worden dat ze op een tijdspanne van jaren tot 
enkele decennia beïnvloedbaar is door landbouwbeheer. De grootte van een 
dergelijke “afbreekbare”OS-fractie wordt geschat op zo’n 10 tot 40 % van de 
BOS in zijn geheel. De twee voorbije decennia werd door experimenteel werk 





BOS pools te scheiden die structurele en functionele eigenschappen van BOS 
integreren. In Hoofdstuk 4 werd een fysische fractionatie procedure getest op zijn 
bruikbaarheid om verschuivingen in BOS pools, die resulteren uit beheer na 
enkele decennia, te kwantificeren. Bodemstalen uit twee lange termijn 
veldexperimenten, met elk een controle object en drie organische mest en 
kunstmest behandelingen, werden fysisch gefractioneerd in twee vrije Particulair 
Organisch Materiaal fracties (POM), een gebonden POM fractie en de klei en 
leem geassocieerde OS fracties. Over het algemeen was in de gefractioneerde 
bodemstalen de verdeling van de OS over deze fracties verschoven naar meer 
labiele OS met een stijgende OM input. Dit resultaat ondersteunt de hypothese 
dat nieuw gevormde OS grotendeels wordt ingebracht in relatief labiele vormen 
van OS. Een bijkomende eenvoudige chemische fractionatie van de OS in de klei 
en leem bodemfractie was ontoereikend voor de isolatie van een “passieve” BOS 
pool. Deze studie toonde aan dat veranderingen van de verdeling van OS over 
functionele pools, resulterende uit beheer, gemeten kunnen worden na een 
tijdspanne van enkele tientallen jaren.  
 
Om de significante algemene afname van de BOS stocks (Hoofdstuk 3) verder te 
onderzoeken, werd een bemonsteringscampagne uitgevoerd in de provincie 
West-Vlaanderen, volgend op twee vorige bemonsteringen ten tijde van de 
nationale bodemkartering in de jaren 50 en in het begin van de jaren 90 
(Hoofdstuk 5). Zodoende werden voor drie tijdstippen gepaarde waarnemingen 
bekomen van het BOC gehalte, de ploegdiepte en de bodemdichtheid voor een 
geheel van 116 akkerlandbodems. Analyse van deze dataset bevestigde voor de 
akkerlandbodems in deze provincie de dalende trend van het BOS gehalte met 
een gemiddeld jaarlijks verlies van -0.19 t OC ha-1 y-1 tussen 1990 en 2003. Dit 
resultaat suggereert dat er een trendbreuk heeft plaatsgevonden die de 
accumulatie van BOS, die plaatsvond gedurende enkele tientallen jaren voor de 
jaren ’90, beëindigde. Veranderingen van landgebruik, van de ploegdiepte, van 
de N bemesting of klimaatsverandering konden de recente daling van de BOC 
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gehaltes van deze akkerlandbodems niet volledig verklaren. Vervolgens, keken 
we naar veranderingen van het beheer van OS inputs als een mogelijke oorzaak 
voor het verlies aan BOS. 
De in Hoofdstuk 4 getestte fysische fractionatie methode, werd aangewend voor 
de karakterisatie van de BOS van tien van de bodemstalen die genomen werden 
tijdens de bemonsteringscampagne in West-Vlaanderen (Hoofdstuk 5). Relatief 
grote proporties aan vrij POM (15-44% van de volledige BOS), dat 
“onbeschermd” wordt verondersteld, werden gevonden in deze bodems en er 
was een correlatie tussen de hoeveelheid OC in deze pool en het OC gehalte van 
de volledige bodem. In tegenstelling tot sommig ander onderzoek, werd er geen 
correlatie gevonden tussen het klei- en leemgehalte en het OC gehalte van de 
gehele bodem, noch was er een correlatie tussen het klei- en leemgehalte en de 
hoeveelheid klei en leem geassocieerde OC. Verder werd er een matige 
correlatie gevonden tussen de BOC stock veranderingen sinds 1990 van de 
herbemonsterde velden en de verandering aan input van effectieve OC op 
gemeentelijk niveau, welke de fijnste schaal was waarop beheersgegevens 
beschikbaar waren.  
 
Het laatste deel van dit werk betreft de voorspelling van toekomstige BOC stock 
veranderingen voor Vlaamse akkerlandbodems. Lokalisatie van regio’s waar de 
effecten van BOC sekwestratie maatregelen gemaximaliseerd kunnen worden is 
cruciaal voor de ontwikkeling van een succesvol landbouwbeleid in het kader 
van het Kyoto protocol. In Hoofdstuk 6 en Hoofdstuk 7, gebruikten we een 
modelmatige benadering voor de simulatie van de BOC stock evolutie bij 
verschillende beheersalternatieven (met het DNDC C en N biogeochemische 
model). De simulaties gebeurden op gemeentelijk niveau en daarmee verschaftte 
deze regionale benadering een gedetailleerd inzicht in de ruimtelijke verdeling 
van de netto BOC sekwestratie over Vlaanderen. Een perceelskalibratie van de 
gewasparameters werd uitgevoerd op basis van twee middellange termijn 





akkerlandbodems tijdens de jaren ’90 werd eerst gefit aan de uitgebreide dataset 
van BOC metingen van de 1990-2000 periode (Hoofdstuk 6). Deze 
modelvalidatie op regionale schaal is uniek omdat ze het gehele studiegebied 
bestreek en, voor zover wij weten, is er vooralsnog geen enkele simulatiestudie 
op regionale schaal gebeurd met een dergelijke grote hoeveelheid gedetailleerde 
gegevens. De gemiddelde geschatte BOC stock verandering (Hoofdstuk 6) lag 
dicht bij de gemeten BOC stock afname (Hoofdstuk 3), maar er waren 
verschillen tussen beiden voor de afzonderlijke textuurklassen. Het DNDC 
model overschatte het verlies aan BOC dat plaatsvond gedurende de jaren ’90 in 
zandbodems en onderschatte dit verlies in leem tot lemige klei bodems. In 
combinatie met de uit de bemonsteringscampagne van West-Vlaamse akkers 
genomen conclusie dat bodemtextuur wellicht een ondergeschikt belang heeft 
aan beheer als invloedsfactor op het BOC gehalte in de intensieve Vlaamse  
landbouw, suggereert dit resultaat dat de invloed van textuur op de afbraak van 
BOS te groot is in de huidige BOS modellen, zoals het geval was voor DNDC.   
Vervolgens werden simulaties van BOC stock veranderingen uitgevoerd 
gedurende een periode (2006-2012) die de “Kyoto commitment” periode 
omvatte, voor een “Business As Usual” (BAU) scenario en voor 7 alternatieve 
landbouwbeheersopties. De gesimuleerde basislijn BOC stock afname 
verminderde ten opzichte van de gemiddelde daling van -0.48 t OC ha-1 y-1 die 
plaatsvond tijdens de jaren ’90 tot een gemiddelde daling van -0.15 t OC ha-1 y-1 
tijdens de 2006-2012 periode. Alle alternatieve scenario’s resulteerden in een 
netto BOC opslag ten opzichte van het BAU scenario voor het studiegebied, 
maar geen enkele van de individuele scenario’s was in staat om de absolute BOC 
stock van het studiegebied te laten stijgen. In het algemeen was de ruimtelijke 
variabiliteit van de BOC opslag van de verschillende beheersopties sterk 
afhankelijk van de huidige verdeling van gewassen en beheer. Deze 
modelmatige benadering kan als een voorbeeld dienen voor de regionale 
modellering van BOC sekwestratie en zijn ruimtelijke variabiliteit in andere 
regio’s in Europa met een vergelijkbare intensieve landbouw. De resultaten van 
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de regionale simulatie studie toonden aan dat het potentieel voor koolstofopslag 
in akkerlandbodems als bijdrage tot de vermindering van broeikasgasemissies 
zeer bescheiden is in regio’s met een intensieve landbouw. Bovendien bevestigt 
de uitkomst van deze simulatiestudie de hypothese uit Hoofdstuk 5, dat een 
aanzienlijk deel van de huidige BOC stocks in akkerlandbodems momenteel 
aanwezig is onder de vorm van relatief labiele OS. Daaruitvolgend is onder het 
huidige landbouwkundig beheer een relatief grote deel van de BOS dan ook 
vatbaar om in de toekomst verloren te gaan.  
 
Tot besluit kan gesteld worden dat BOC sekwestratie in Vlaamse 
akkerlandbodems een beperkt potentieel heeft. Van de nationale CO2 emissie 
reductie, waartoe België zich heeft verbonden met de ratificatie van het Kyoto 
Protocol, kan tot ongeveer 1% worden bereikt. Indien er verder ook rekening 
wordt gehouden met een mogelijke toename van de N2O en de CH4 emissies 
tengevolge van alternatief beheer dan kan de netto broeikasgas emissiebalans 
van bepaalde beheersopties voor koolstofopslag zelfs negatief uitslaan. 
Bovendien kunnen enkele maatregelen voor BOC opslag ongewenste 
neveneffecten met zich meebrengen zoals een toegenomen NO3--N uitspoeling, 
NH3 vervluchtiging of P accumulatie. Gegeven de recente BOC verliezen op 
grote schaal, zou het behoud van de huidige BOC stocks een prioriteit moeten 
zijn van het landbouwbeleid. De verdere toepassing van beheersopties zoals 
groenbemesting, inwerking van stro en toediening van compost en biologische 
landbouw moet worden gepromoot. Behoud van BOS is van cruciaal belang 
voor de duurzaamheid van de landbouw en van de bodemkwaliteit in zijn geheel.  
 
Perspectieven voor verder onderzoek 
  
Het meest opmerkelijke resultaat van dit onderzoek is wellicht dat, startende van 
een onderzoeksonderwerp dat gericht was op de schatting van het BOC 





van recente BOC verliezen vonden voor het studiegebied. Verder verlies van 
BOS van deze bodems kan schadelijke gevolgen hebben zoals vatbaarheid aan 
erosie, afname van de bodemvruchtbaarheid en degradatie van de 
bodemstructuur. Verder onderzoek dat naar de rol van het veranderende 
bodembeheer in het proces van BOS verlies kijkt, is beslist noodzakelijk. Zulk 
onderzoek zal cruciaal zijn voor de ontwikkeling van een landbouwbeleid dat 
gericht is op een duurzaam bodembeheer. Een eerste stap zou het opstarten van 
lange termijn veldexperimenten kunnen zijn omdat zij ongetwijfeld het grootste 
potentieel hebben voor de studie van lange termijn BOS dynamiek en aangezien 
aan dergelijke experimenten er momenteel een zeer groot gebrek is in België. 
Ten tweede is er vandaag de dag een zeer sterke vraag naar het intensief 
monitoren van BOC stock veranderingen op grote schaal, en deze vraag zal 
ongetwijfeld in de toekomst blijven bestaan. Een functioneel monitoring netwerk 
is één van de prioriteiten van de “European Soil Thematic Strategy”. De 
ontwikkeling van een dergelijk netwerk voor de monitoring van bodemkwaliteit 
in Vlaanderen is in dit opzicht een cruciale stap. 
 
De hypothese van de aanwezigheid van een grote “afbreekbare” BOS fractie die 
aanwezig is in intensief beheerde akkerlandbodems zou verder moeten worden 
onderzocht, door middel van fysische fractionatie van een groter aantal bodems. 
Bestudering van het verband tussen het klei- en leemgehalte en de verdeling van 
OS over verschillende bodemfracties in een omvangrijker aantal bodems is 
eveneens nodig om de stelling na te gaan dat bodemtextuur een secundaire rol 
speelt in de BOS dynamiek in intensief beheerde akkerbouwbodems. 
Toekomstig onderzoek waarin fysische fractionatie wordt aangewend als een 
middel voor de karakterisatie van BOS, moet worden gestandaardiseerd. 
Momenteel wordt een veelvoud aan methodieken gebruikt en directe 
vergelijking of combinatie van resultaten is onmogelijk. Bovendien wordt er in 
vele van deze studies onvoldoende aandacht en moeite besteed aan de selectie 
van een methodiek die “unieke” en fysisch of biologisch “zinvolle” OS fracties 
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levert. Een belangrijke beperking van dit gebrek aan standaardisatie en 
bruikbaarheid van resultaten is dat informatie ontbreekt voor de ontwikkeling 
van BOS modellen, met meetbare OS pools, die zowel fysische als (bio)-
chemische concepten van BOS stabilisatie in rekening brengen. Gezien de 
heterogeniteit van BOS en de complexiteit van BOS transformatie processen zal 
voor de voorspelling van BOS dynamiek een modelmatige benadering echter 
steeds vereist zijn.  
 
We vonden aanwijzingen voor de aanwezigheid van een omvangrijke 
recalcitrante BOS fractie in de grove zandbodems van de regio rondom 
Beernem. Een plausibele verklaring voor de aanwezigheid van deze stabiele OS 
pool in deze bodems kan zijn dat biochemisch inerte organische bestanddelen 
zich hebben geaccumuleerd tengevolge van een historisch landgebruik als heide. 
We vonden eveneens ongebruikelijk hoge BOC gehalten in de grove zandige 
bodems van een veel groter gebied in de Kempen. Een gelijkaardige verklaring 
als voor de bodems uit Beernem kan mogelijk ook opgaan voor die regio. Een 
combinatie van fysische fractionatie met moderne analytische spectrometrische 
methodes heeft wellicht het grootste potentieel om deze hypothese van de 
aanwezigheid van een omvangrijke recalcitrante BOS fractie te onderzoeken. 
Onderzoek op deze bodems is bepaald veelbelovend aangezien door de zeer lage 
klei- en leemgehalten van deze bodems de vorming van organisch-minerale 
complexen uitgesloten kan worden als een mogelijk mechanisme voor BOS 
stabilisatie. Identificatie en kwantificatie van deze zeer stabiele BOS pool kan 
waardevolle informatie opleveren voor het definiëren van de “passieve BOS 
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Figure II.1 Schematic of the applied physical fractionation procedure for the 
isolation of free fine and coarse POM, intra-microaggregate POM and silt and 
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Figure II.2 Schematic representation of an experimental sieving set-up for the 
isolation of micro-aggregates, fine sand and free fine POM fraction from the silt 
and clay fraction (<53 µm) and the >250 µm soil fraction 
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